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PREEALE

fhis report 1s composed of seven sectinne, It provides a8 summary
of work accomplished under this contract 1 several diverse areas
of optical tranmsmission, materials processing. the areas

include:
A ‘ .
1. A descraptiron is given of the s-parimental program on the
synthesi1s and single crystal growth of 1odfium phosphide. Ihe
~~
Wwork 1s directed toward developing a single wteps two phase’

process for the synthesis and singie cry>tal growth of the

material. © detailed description of the agnetyc Laoguad
tncapsulated Czochralskl 15 grven togetio with the new electy o-
magnetic to produce dislocatian fres ol S rvstzle.,  Alsu. o

dgescraipfion of the flame fusion fuw race 12 given wlth some
details 1n an attempt to grow superconrducting materials and
Strontium Titinate single crystals. A recaipe 15 given to produce
strontium titanate powder to grow thece Sr110., civstals.

o
il. Device processing techniques covering the use of ultra high
vacuum deposition system for evaporating a dielectric layer ot
silicon monoxide. This section also i1ncludes a discussion on the
use of an ion beamlimplanter for forming special buried layers on
silicon devices. TJhe extreme usefulness of a residual gas
analyzer to deterﬁane gas species within the vacuum chamber is

chown.

111.\Materials evaluation technigues under the general heading of
electron microscopy.\\This includes the following methods of
analysis: transmissiok\electron microscopy, scanning electron
microscaopy, electron bqém chanmnelings electron diffraction, and
energy dispersive X—ray analysis.

(
V. A description is given regarding conmecting a two-hidcdenrn-
tayer neural network through an intermediate multiplicative la.

showlng that it can yield full or partial disambiguities of

\Y
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result- from a single “traditional’ neural retwork.

V. Cummunication securlty nas been achieved in fiher optic
communication systems (1ROCS) by ensuring that anv undetected
intrusi1on will deliver so li1ttle power to a potential 1ntruder
that no uset 1t 1nformaticn car bte extracted from 1t. Work durinrng
the past year has been concerned with determining thel user
performance ir. intrusion resistance that can be achieved using

the modulation/coding method.

Vl. Photorefractive and resonant nonlinear nptical interactions
are being studied\ Respnant interactions are the most promising.
but have been difficult tc study in detail because of broadening
mechanisms that are present 1n most material, for example corvstal
fieldes 1n solety and collisions in apors. To elarminate the

complications the nanlinear optical properties of an atomic beam

will be studied.

(

Vii. In this vepur t the vreqgumirements of nonlinear optical
materials are diccussed and fundamental limits are dger . vec. Lt
particular interest are a new class of materials baced on

nonlinear optical effects 1n polymers.

Vi !
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J. Adamski

SYNTHESIS OF INDIUM PHOSPHIDE

The TRICO furnace was down for several weeks during this
reporting period because the automatic pressure control valve was
damaged due to an explosion of an indium phosphide experiment.
The motorized valve was sent back to the manufacturer and
completely overhauled. The valve was returned from being
repaireds; the automatic pressure system was re—-assembled, and
tests were conducted to check the calibration aof the system.

The TRICO furnace is in operation and synthesis of indium
phrsphide at high pressures has resumed.

Several synthesis experiments have been completed and all
were successful. Synthesis of InP has been temporarily
terminated, as the present effort is towards accomplishing in-
situ single crystal growth. The in-situ growth of InP to be
performed, using a new Magnetic Liquid Encapsulated Czochralski
(MLEC) furnace (shown in Figure 1) will accomplish in one work
day (8 hours) what now takes approximately 3 days (24 hours).
This method will eliminate most of the i1mpurity problems, as the
crystal does not require all the handling operations needed to
nrepare the synthesized ingot to be used in the height pressure
Czochralski furnace.

The synthesized ingot used as feed material in the high
pressure Czochralski system needs to be cut into pieces to fit
into a crucible. After the pieces are cut, they must be
thoroughly cleaned, acid etched and rinsed with P.1. water
several times. In handling these ingots during the cleaning and
etching operation, there i1s not guarantee that all the cut pieces
are free from contaminants. Conversely, using the Czochralski
in-situ techrnique, growth is started using the raw high purity
elements (In and P) to form the compound (InP). These materials
are placed in the high pressure Czochralski: furnace, and if
successful, the product will be high purity single crystal InP.

thus, synthesis is accomplished in a similar way as the synthesis

in the TRICO furnace, but the high pressure Czochralski furnace

1
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has a pull:rng mechaniem 1rncorporated 1nto thee swsbem, Thre
allows a seed crygtal to be attached to & oull rvaod. The seed
goes down irnto the molten [ofF that has osr heen focrmed throouct,
an 1nectlon process. By mainmtaiming tie jocaper mesl g
temperature, menliscus torms around the Secd (o = taly and by
raotating and pulling the seed o et ol o0t of teve me2i b wtn
nrull rod. one can achilieve siagle ¢ v=r ot oy nwt 1n thie oo st

arocedure.

"N=SITU PRUCESSING

In-situ processing for corbirminn the pevdhiam and chosphori,

hhas several advantages over con.entiinal eactiong, The 1ndian
15 loaded i1nto the MLEC furvace. tisated oo o apsuaiatea waitn
B .G, Figure @ shows the seguemos goed 0 rosct phosphoras ot

the indium. thus producing 1nP. fFos1lica iojector loaded wal
rrgh purity elemental phosphoruse chown 10 2 3) 1g lowerced 1ote the
molten 1ndium (T=1180°C)., A ooself controlied veact1on oCurs
“he P is heated and 1s convected 1nto the molten 1ndiunm where ot
reacts to InP shown Iin (b). After corplete reaction of the ele-
ments. the 1njector 1s removed from the hot zone location ard a
=:ngle crystal seed 1s lowered into the b melt for LCzochralohn
growth shown 1n (). At tnie time, tive ah field strength
electromagnet is turned on and a single crystal of approximatei:.
400 grams is produced. There are no 1ntermediate steps for
cleaning and etching of pre-processed InP, therefore this Ink
will have fewer opportunities ior cc *amrynabinn,

Currentlys 1C0O grams of P is being i1njected into 300 grams
of Indium in the new RADC magnetic crystal furnace. This process
can easily be scaled up to several kilograms of InP.

The first in~situ injection experiment was ncomplete,
because the injector was not adequately heated by the radiated
heat from the crucible and susceptor. To remedy thie a new hot
zone was fabricated that decouples the RF induction from the
ax1al position of the crucible. AN outer ~usceptor sleeve thot
15 fixed 1n a given axial location surrounds an 1nner graphi's

vedestal and crucible. The i1nner assembly can be processed up oo
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20t Aagaust o ats position i thoe B s B RS I T e

.ndepenident heating of the P o1rgyectar oo vy 1o 1t processy o,
Pronplems ware encountered 16 o b with thige riew

abocenhor oy rnaection cystem, Fhbveqita -0 R L S 1 SR R I At R O

cadinmy but we were unable to ingeo -t the Lot al anoas toof

prosphovas ceeded to obtain storot et Thoor e
was Tn1ng wellsy and 1t appearsd et oma s 0 b b o ne b
yeftt fhe 1 ector., [t was decided S b Vo e by g

poniticn a little langer to make —ore 0 o0 all fhe Lo ntoorur

Aazor = had gone 1nte the molten 1o1ium, e 1R It 0 was et
the kot 2coe tew longs causing the gaar b te ey te e Beo - ¢
s tme gde st fication problemy thee s I RL B R TS B S TR
s g Yree rhosephOorus to escaps g0 et e e tataey e
the gndin, By losirng the phospborus -0 00 the melt. tre tur e
system hecams coeted with Lthe vap oo« thae o esegce lines from cheo
sty oges cas o mand tald became plugasd wrtt b g udoo b o ment
Arth vt phiasphioras vanpor o And o o yLien., oo b product was g

summy subbstance and the whole furivace s e 2 the pressuv e
t1rnes nad tno be takern apart and clearned f'horouatily. During

clean-up, many small outburst of tive e id OCHI . faus1ivg oA
tremendous amount of smoke.

~fler the clean-up was completed. the appay atus was
completely checked out and a simulated erveriment was cornducted.
Several e«periments were completed using different types of
insulating materials at the top of the '»nrection to prevent heat
loss. Mone of these materiale were satistactory (Quartz, aiam:
and fire brick). A new 1nsulating cap 15 re1ng desrgred and
fabricated (shown 1n Figure 3) to it mse: the toup of the qQuar t -
1rjector tec prevent heat luss. ThHis s D3 aliow propey heat g
af the phospharus and 1njector dusirng the 1ot Py o ess and
complete reaction can be expecter. breeentl, o togection
experiments shows that aonly S0% ot tte phaspho us 19 being
injected 1ntu the molten 1ndium.

For the growth of InP single (rystal-. tha- hiaigh pvessin o

.igurd encapsulated Czochralsky (LEC) metnod y=s empiased, e

rated by Mocacka et al'ty thp mestt ot vy L B A N
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advantages: the growth rate 1s z3s hyagh o= T dumm/he oy crystall -
sJationr 1S easy along the (100 divecryn: « aod 3 largre disk ~shaped

subetrate —Aan be cbtained.

h In the crystal growrh of o {1 -7 v our o cemicandeztor @t
1% 1nocirtant to suppress the discociat:ron of aocun YV eler2nte.
Wwhlch hea.2 nigh d1s=zcociabion presiuw e~ 9 0 the meltyvg point.

Th,s dizsdciation pressure of Foov-ns the aelirng pornt of the 1o

crvatal 1 235-27.9 ataosphe cs, whrols 0 e B aagher Lhav e
calue of as of Gafis orystals (0.9 ate. 0, CLo ot press rhe
Zi1ssoci1ation of Py InP crystale are culled rts wegh 2 liguad
encagsulated (B .y layer gves- the % me bt cucrtaces aader tThe

prescure 07 a7 1nert gas.

A major problem in the growth 7 single-covetal (0P 12 the
gencraticn of twinning., which 90 cur o mece preguently Than o
other 11T W rompounds such as Gares and a0, e causs 9t b
g :s nNnt yvet clear. FHowever, =eve’ al ¢rpe-i1mental methods to
prevert 1t have been examined. and 1t has been found that
twinning can be reduced by one-half to ore-thicd 1f the following
cuidelines are followed.

1. Use stoichiometric InP as the sowrce.

2. Suppress te 'uerature tluctuations at the cryvstal-melt

interface.

3. Use B-.0- with low water content.
4. Keep the B-0- in a clear, trangsparent conditior.
3. Realize A melt-crystal i1nterface free ouf 1mpuritilec

such &2 oxides.
6. Make the melt-crystal interface convex with the melt

side concave. Control this shape nhy chanaging the

v pulling rate and the rotation rate.
7. Avoid decomposition of phosphoraous from the surface of
. the pulled crystal by keeping the surface tempevature

of the B,.0« layer down at &00-70000C,

Indium phosphide 1s a strategic optn-electronic material.

ine crystalline quality of the MLEC inqgots 13 darectly relateoc 'o

the purity of the starting materials and the subseqguent bandling

/

]



0ttt ——

parke mathematicol loborotories, inc
carlisle, mossochusetts - 01,41

K

of them throughout the processing sequence. Figures & and 3 are

v

InP crystals recently grown in the new MLEC apparatus. Figu-e &
was the best crystal grown to date. It was grown at full fi:eld
of the magnet (4.0 ki1lo0-Gauss) and was better than 0% single.
Only marginat twinning was observed. The growth rate of the two
crystals was approximately 1émm/hr., the diameter was 5S0mm and

the lenuths were Bocm and Scm respectively.

MAGNETIC C2O0CHRALSKI CRYSTAL GROWTH

n

The mew magnetic crystal growth svstewm sihhown 1n Figure |
Nnow completely assembled and 1n operation. Ceveral teosts were
conducted using germanium metal as Teed material to grow 3:7gle
crystals. Germanium was used 1n the initial testing phase of the
cystem. as 1t 1s much easier to grow single crystal of this
m;terial than 1ndium phosphide. Three experiments were completed
usS1ng germanium. Orie experiment was completed where the german-
ium was doped with | percent gallium, Figure &6 shows three of
the gevmanium crvstals grown. The crystal on the left was growr
with very poor contrnog 3f the J0kW~-450kH RF generator.

Time was spent to design a better control system for tre PF
generator to the heal rnyg o1l 1nside the MLEC growth chiamber. e

UOmega temperature controller was slightly modified and an RF

pick—up coil was used. ihe crystals in Figure & that are snhown
11y the center and to the raight were grown using this nmew teper-
ature contreller. A tourth crystal, (not shown), dor oo with

gallium. was gvowr: 11v an avtomatic control mode «::d no problems

were encountered daring the growth time, which was approximatel .
s1¥ hours. All four eroey :iments were completed using the
electro-magnet. The magretic fleld used was approximately 1.7

kilo-Gauss.

tne experitmenrt naingg a0 InP single crystas: ceed was
completed 1n an g terpt to agrow a si1ngle crystal of v lium
phosphide. ihe urowlh ctiamber was prescur 1sed to DB psig ond
thi1s pressure wa . i atarned throughout the growth periad. Ihe
indium phosphide ctiar ge weirighed 360 grams and boyon oxide wa-
used as the encapculant tc prevent the phosphorus from dig-

o
(W]
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associating from the indium. The electro—-magnet was turned on
after the crystal was growing for approximately two hours.
During/the next two hours, the magnet was turned on and a
magnetic field of 1 kilo~-Gauss was established. Figure 7 shows
the crystal grown in the MLEC apparatus, which i1s the first InP
crystal grown in the new furnace.

Magnetic stabilization will permit controlled growth in
lower thermal gradients, which is expected to translate directly
into a low dislocation product. Furthermore, the magnet’i-
stabilization will reduce the magnitude of impurity striations
and increase the yield of twin free crystals.

The InP experiments include encapsulation with Boric Oxide.
This molten glass is adversely affected by water vapor. There-
fore a pre-bake cycle to clear the graphite susceptor of H.0 has
become a part of the growth routine. The silica crucibles have
been aptimized for InP charges of 500 to 1000 grams. The first
InP growth run was conducted with 360 grams of presynthesized InP
from the high pressure growth yruns (TRICO furnace).

The goal of this project is to establish the capability to
synthesize and grow large diameter InP with 4.3 kilo-Gauss
magnetic stabilization. The magnetic field will be modulated to
control the diameter of the growing crystals. Ultimately, an IBM
AT computer will control virtually every aspect of the apparatus
(including four motors; S5O0 kW, RF power supplyj; 5S0kW DC Magnet
Power Supply).

ELECTROMAGNET

A number of experiments were plannmed for the growth of InP
during this reporting period, but a problem developed with the
cooling system to the electromagnet. It wasn’t until the magnet
could safely operate at full power that the overheating of the
copper coils developed. The manufacturer was called in to
inspect the plumbing and water flow drawings. It was discovered
that the designer made an error in the design of the input and
output with ports to the separate windings. The copper windings
through the center of the magnet had no water flowing through

11
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MLEC Grown InP

FIGURE 7
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them. The water flow pattern was corrected and the magnet can
now be used at full power (4.3 kilo-BGauss). The specifications
for cooling this magnet is to have a constant flow of water at a

rate of 10 gallons per minute.

SUPERCONDUCTORS

Superconductivity research within the past few montihhs has
exploded because of new theories and "warmer' materials that are
based on oxides rather than metals. Attempts teo raise the
temperature at which materials become superconducting have so far
been promising but inconclusive. RADC/ESM has embarked on a
program recently using yttrium-barium-copper oxide. Several
pellets have been produced using various techniques, and when
placed in a dish containing liquid nitrogen; =mall magnets
levitate over the cooled yttrium-barium-copper oxide pellets.
This testing procedure has become a basic test for true conduc-
tivity. The expulsion of magnetic flux from supevrconductors is
known as the Meissner effect.

In discussing superconductor materials with the RADC
scientists, it was suggested that a flame fusion apparatus, pre-
viously used to grow rubies and sapphires, be used in an attempt
to produce some of these new ceramic oxide materials. Everyone
involved in the discussion agreed that this method of crystal
growth should be incorporated in the research program.

Figure 8 shows the flame fusion apparatus, invented by
August Verneuil® gver 75 years ago. It has besen used for« the
growth of sapphire, ruby, spinel, rutile, strontium titanate. and
other refractory crystals. The process consists of feeding
finely powdered material into a high-temperature flame produced
by oxygen and hydrogen. The flame from the torch is directed
downward at a pedestal or seed crystal and growth is initiated.
The powder particles are melted in the flame produced by the
torch and fall upon the seed which is placed in the lower part of
the flame so that only it’s surface is molten. As the melt is
enlarged by powder dropping on the seed, the pedestal which
supports the seed is withdrawn slowly so that the position of the

13
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ligura-crystal 1nterface 1s mamintarn 4 ar o Lunstant level. thire
mathon allows refractory <o, stale ta tree g won at temperatures for
which cruci1bles are elther non-exi1stent o wnizatisfactor y. This
technique 15 used to grow single crvet ol aaterials whose melting

cemperatures doa not exceed 2400°C.,

S device has bbeen invented ' ' o1 drLsoytyvog tne flow of
carrier gas (o=xygen) from the rormal flow patiers ot a conven
tional Verneull apparatus, which was a hanch P ocess and cloeed
system. Replenishment of the feed conta:csy can e accamplic e

thois allowing growth of unusuall, lao: croetals of varying

W

composlitions,

ta agrow the super Tonguctor

T

Several attempts (&) were madd
material (YBa, .Cu-0. ) usivg the flame fusion prarabos, B2 ot
leme were encountered 1n trying to establish the gas flow ratec
‘oxygen-hydrogen—-oxygen) to produce the maper (lame temperature
rneeded to melt this material. In the beg.nminagd. the temperature
was tooc hot and all the barium and copper ari1de volitized. tipon
examination and characterizations 1t was found that an ytiriam
aoxide crystal was grown. There was no trace of barium or copper
in the crystal.

The gas flow rates were changed to produce a much cooler
flame and several samples of the desired superconductor material
were grown. Although these crystals were naot catistactory iov
testing using the Messnier technigue., trey were of the proper
composition. New powders that have better flow chavacteristics
and small particle size are being produced and this should male

the growth of these materials more desirable.

STRONTIUM TITANATE

An interest has been shown in the laboratory to grow single
crystals of strontium titanate. It has been found that the new
superconducting ceramic material (YBa.Cu- 0. ) is of the perov-
skite family as 1s strontium titanate. Beinag that the crystal
lattice of the YBa.CluxD.. .~ i the same as stromtium titanate,
this latter crystal could be used as a substrate to depos t ttins
e materi1al ontos from which devices could be fabricated.

15
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Several experiments were conducted in an attempt to grow
strontium titanate using powder purchased from A.D. MackKay
several years ago. This feed powder has not produced a single
crystal of good quality and does not have good flowing charac- .
teristics. An attempt to prepare strontium titanate feed powder
in the laboratory will be made from a receipt found in Technical
Report 178.7 Experiments to grow these crystals will continue,
as there 1s no known source at this time where these crystals can
be purchased commervcially. If the yttrium-barium-copper
supeirconducting material could be successfully deposited onto a
strantium titanate substrate, i1t could be a tremendous

hreakthrouah in the electronic device 1ndustry.

PREPARATION OF Sr7i03 FEED POWDER

The apparatus used to prepare the SrTi0.. feed powder to be

used in the flame-fusion apparatus 1s shown 1n Figures 9 angd 10.
The powder was prepared as follows:
177 g. of oxalic acid (C;.0.H;.-2H..0) waes put 1nto *the
constant temperature (jacket) beaker and 320 ml of H..0 was
added. This was stirred and went into solution at the
higher temperature.
40 ml of Ti1Cl., was added slowly to 121 ml of H.OO into a
250 ml beaker. The beaker was in an ice bath. The 40 m] of
TiCl, was contained in a 59 ml graduated cylinder a~d .nis
was added siowly to the 121 ml of H-D.
152 g of SrCl..-6H 0 was placed in a 1 11ter ‘:eaker. To
the SrCl .+6H U was added 590 ml of distilled water. To
theoxalic acid solution at 70°C, the solution containing the
TiCl,. ways added. The solution was slightly vellow:ish., & .
certain amournt of time wag passed so that the total solution
was at 70°(. Ta this solution of the oxalic acid ang Ti1C1.,.
the 9920 ml containing the SrCl..-6H O was added. A white
precipitate «ame out of solution. This was stirred for
approximately 2.5 hours at 70°C.

The precipirtate and solution was filtered by suct.on as

showr in Figure 10,

-
)

‘M
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The Srlilr, was wasbed with approximately &€ lite-= ¢
distilled water. The precipitate was dried overnight by
sucking air through the tilter containing the SrTi10.,
White finely divided Sr7i10. was transferred to four
zirconic crucaibles. The crucibles were put 1nto 3 warm over
and allowed to sit at this temperature for 1 hour. At rer
this times 'the temperature of the oven was set at 1000°C and
approximatels 4 hours laters tre oven was turned »¥1, Tt
Sr710 ., powder cooled to room temperature and waes 0w - Sad,
to be used te grow single crystals of Srli0
Ten e.perimente were completed 1n an attempt tc ¢ 0w =.rgle
crystals of SrT10 .. Seversl rrvstals grown produc=d L3 ge =-zas
wher e substrates will be cut o that thin films of ceramic siier -
conductor materyial . can be deposaited o the S T, eyl oo,
Figure 11 15 a schi»matic diaaram of the oxy hyorogen torch L=ed
to grow the SrTi10 . si1ngle crvutals. Tte flame-fusic sonars’ us
used in the present study 15 that of J.A. Adamsk. ANG & [ap eV
published hy 1.4, Wednours ot al’ waes studied to get a3 Lette
understanding of the growth conditions needed far repr.oducrt e
production o1 S faur. Lrvstals of optical quality.

Straontium titanate wubstrates have been shown Yo e an
attractive substrate for the deposition of thin filme of tre

current superconiiul tor s, The program currently underway 1€ to

~ . ..

investigale and de.elup the flame-fusion technique to (o
substrates of strantium titanate. Emphasis has beer , laCet Or
the two following aspects of the Figure 11 prepa, aticn: 1. The
method for preparation of the teed powder as descr i1bed above. ard
e, Determination «f the tlow rates of hydrogen and o-vaen . ths
flame fusion 2pDAratus. The results show that :1f the

preciptitation ot % 1,0, j& undertaken repidly and the Jdrirec

th

powder 15 aged, a qreater proportion of the particle size
between 1.074 and O.044 mm. This particle si1:e has been shiown to
be necessary for the preparation of single crystals of strontiam
titanate. Crystals g e been drown wlith an ox1dicing flane
(H..70;.=1) . Slices ot the boule show that single crvstal rcwtt,
of SrTil, has bhevr attarred.

L4
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Work 1s continuing to determine the optimum parameter for

the growth of single crystals of SrTi0. by the flame-fusion

technique. Also, the MLEC system is back in operation and
several experiments have been desigrned and will be used during .

the next reporting period.

SUBSTRATE PREPARATION FOR HIGH Tc SUPERCONDUCTING THIN FILMS

Superconductaors with transition temperatures above that of
liquid nitrogen have received an unprecedented amount of 1nvest: -
uation since their discovery. These superconductive materisis
have been predicted to revolutlonize transportation. electrical
transmission, magnetic i1instrumentation, and microcircultry
tmicroelectronics and hybraid optoelectronics!. The 1mmedliate
application for these superconductors will te realized 1n the
area of conventioral semiconductor electrurmice.

The application of superconductors i1n electronicse neceszsi-
tates the development of technigues to prepare thin films of *he
superconductive materials. Various approaches for the prepara-
tion of the haigh 1o (critical temperature) superconducting T1lms
are currently undi-rwass 2.0.y e-heam evaporation, si1ngle targst
magnetron sputterivg. magnetron sputtering from three metal
targets, laser deposition eand molecular be2am deposition. Thin

tilm deposifion regqulred substrates that are compatible wit' the

quperconductor be-rnag deposrteds viz. 1) same crystal sttt e
with matoched lat bt Canstaote, Z)oeimilar theomal o 305100, A L
AY miatacan o ante st v ear blons., Crromtiam titarate ha [ayEre

chgwn Dy wvariosr: o aaee Yagetors o e-hibit the moer oy oe oz

substy 3tec foo these supedcconductive than films,

Ao an ha: beer tniitiated to develop the tlzne-tio 2120 ’
technique tor the poosth of stngle crvatals of st v rum
titavate . Ihe @ tame tusion apparatus used 1 the oresent ¢t..d .
12 that of J..4. Adomeb The preparation of the steoirty o
ti1tanate feoed powdsey v o st rial. The graitn si1le must o]
between O,.0h oot L, e SrT10, feed 10oawdey 10 oo r e ],
Berng poofeare b e et Gt b aane et al . N L b B PRV ST
Srbal s el peawtenn L g ed iy thie abio e ettt ot a0t e 0 E

RES!
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J. Bloom
lhis amiual report 1s divided 1nto two sections as follows:
fection ! giscusses the procedure for acqQuiring a8 guideline
for a "hwormal” reference for residual gas analysis.
Section & covers proublems with system #2 and Qives a

diecussion on a cemparison ot 1raidium silicide and platinum

s1li1c1de photodiaodes.

n

ECT1

oM 1

|

This «ection digcusses the procedure for acquiving a

gurdeline for a "rormal’ reference for residual gas analys:s.

T

i\

Ihe
instruments
we check gas
narmal use.
recelve the
to 2eliminate

on the head

instrumentaticn used

display np~c

ces to mass

flave s g

aQ

8 2

s anily
the

ass=mtilyv.

Qanic

s 1dual

In the diccus si1uns

tra to mass 1

G0 aw the sy

head

that follow.

15 a gquadruple mass

00. In o

stems. wh

sesi1due that are detectable.
we always bake them

orgaric clearing agents which

reference

analyzer.

ur normal operaty
en processed anrd
Whe
with the

lef

30

will be made tco

three ultra-high

val ttam Sygtems,

System 1 1s

a SYari1an

system

[

P

we?

t

mainly u-~ed at thi. time to fabricate 1ridium silicide. Systen
12 a BG.E. system that has been modified to have a lcad Yoo .
System 3 1e 3lso a4 GURE. syetem but without the modyc cation 0t &
luoad lock .

Figures !-4 a2 ~necira of the residual gas of system 1.
System 1 has o lar e Lall v and 1s pumped by a Varilar dicde
sputter 1o P . it seemaor head 15 the oid des.growtack a0z
an extraneoas peal at mass 16, fFigure 1 1s & bar graph of tace
to 9N, A large vewdind On oa specific mass can cause a spill-a.en
to an adjyacent maces, aamber . The vacwuum reading 1 not accurate
e0 we always el the wanuum read by an 1o gauge. The vacu ., e
the chamber 1= 1.0 o 10" Ty asg read tov a Vartan 10 Jauir
control usitira o oete tube anserted 10 the vacuum chamber .

Fargure 2 1o o analog spect, a of masses up to wadaes ol

hieater
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xaminarion of thils Figure shows that spirll-aver from zero mase

te maas & has coourred. The amplitude of the bar

graph at mass ¢

is close to the half peak seen at mas=s & an the anslog pilcture.
- The peak at mass 16 1s primarily made up f bactground due to

contamination of the head sensar. (e desagn sersor has

eliminated this problem.) Figure 3 1¢ rhe yesult of 1necreasing

the sensitivitv by a factor of ten. Ceamination 0

shows a small amount of mass 1€ dwe Lo 0 5o bos G0
prewent is due to methane (CH., )35 mass [V caw to o«
water (OH)YI mass 18 due to water wapor (U115 rase

F

;s

Fiaures 3 and

masa 1A ot

fagment of

i?, which

seems to be an anmomaly aof the head senenr . as fluorine (FI1 owhich

should naot be presentid and mass 2B 1< due Yo navbtroygen (MY o

carbon maorowide (CO)., Examinaticn of dauahiter pealks, caused by

electron bombardment of the aoriginal mate:r ial. can

tell 11 LO o

M- 12 present. Masses 27 and 30 are posa:hle 1spotopes of maitvo -

gern. Mass 44 1s carbon dioxide (C0O-.).

Analysis of the gas ambient of system & can be done by

examining Figures 5 to 11. Figure &4 1s a bar grap

t

ot the

cpectra. Figures &5 7 and B are analocag spectra of the same gas

ambhient, Mass | 1s spill-over from mass 2 which 1s the main

constituent and would be at an amplitude of 34 on this scales; 1t

15 hydrogen (H.), Mass 3 is spill-overi: mass 4 1s
mass 14 is double ionized nitrogen (N-)§ masses 13

are due to methane (CH.,) which 13 sometimes made 1

helium (He):

(CHA) and L é&

n

10 sputter

pumps; mass 17 is due to water vapor (0OH) as 15 mass 18 (H.Q).

Figures 7 and 2, which have three times the sen=zitivity of

Figures S and &6, show a mass 20 which could be due to hydrogen

fluaride (HF)3 mass 22 is unknownj mass 28, which
* amplitude of 27 on this scale, 1s due to nitrogen
and 30 can be due to iostopes of nitroger; mass 23

. (0;.73 and mass 40 1s due to argon (A).

Figure 9@ is a bar graph of the gas ambient at a

Examination of the aralog spectra shows a typical
air leak. There 15 a large peak at mass 28 due to

a1t mass i4 doubly-ionized nitrogen, high mase & oy

haigh mass 40 from argon. Mass 32 due to oxygern (L.

27

is at an

(M) mass =29

15 oxygen

later date.

spectra of an

nitrogen and

€2

A

to helium and

15 also
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nresent. In a system with a sublimation pump a reactive gas such
as oxygen in that quantity must be present due to an air leak.

Upon leak checking 1n the leak checlt mode. a small leak 1n the

pass—-through box valve was detected. The pres:ure 101 Lthe system
at the time of the leak was 3.0 = 10 ' Torr, which 1s a good
vsacuum to achtieve 1n a large bell jar system “saled b

2lastaomers.

System 3 has a R.G.A. =senstr head changed. Sivce the cevsors
nead had been 1n air for a time, 1t was degassed by heating o
trhe system. Figure 1¢ 1s a bar graph which shows the gases gi.er
off by the sensor head as 1t was heated. The manufacturer had
obvicusly cleaned 1t in organic solvents, Eramination of the
spectra by use of charts shaows that: ma=z¢ 2 15 hydrogens mass 12
carbocn; mass 14 nitrogen doubly-ionnilzed; mass 13 daughter peak
of methane; mass 16 methane; mass 17 due 'o water vapor; mass (8
water vapori: mass 2b&s 27 and 29 due to ethyl alcohiol; mass 28 135
nitrogen; mass 39 a fragment of DC705, a gump 01l mass &1
Isoprapyl Alcobol: and mass 44 is carbon dio-xide. Figures 12 and
14 are analog spectra of the vacuum system after bake out of the
censor head and the bell jar system. The main constituent 1s
hydrogen at mass 2, next is water vapor at mass 18. Mass 17 15 a
daughter peatr of 18 due to the 0OH vadical. Mass 28 is due to
nitrogen,

Main emphasis has been on establishing a guideline for a
"narmal" reference residual gas analysis for two ultra-high
vacuum systems. These systems are used to make platinum silicide
infrared detectors. Also included is spectra from an ultra-high
vacuum system that is used to make iridium silicide i1infrared
detectors.

The instrumentation used is a gquadruple mass analyzer. The
instruments display spectra to mass 100. In our nnrmal operation
we check gasses to mass 50, as the systems, when processed and 1n
rnormal use, have no organic residur that are detectable. When we
rwceive tne gas analyzer head we always bake them with the heater
ta eliminate the residual organic cleaning agente which are lett

on the head assembly.
30
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In the discussions that follow, refe ernce will be made to
three ultra-high vacuum systems. System 1 15 & Vari1an system
mai1nly used at this time to fabricate 1vidium <i1laicide. Sy=tem &
15 a BG.E. gystem that has been mod:ified to have a load lock.
System 3 15 also a G.E. system but without the modification of a
inad lock.

Figures 15-18 are spectra of the residual gas «f svstem 1.
System 1 has a large bell jar and 1 pumped by a Vartian diode
sputter 100 pump. The sensor head 12 the ould design which gives
an extraneous peak at mass 14, Figure 1 1s & bar graph of mass 1
tao 93U, A large rveading on a specific mase can cause a splll-over
to an adjacent mass number. The vacuun r=2ading 1s not accurate
=3 we always use the vacuum read by an 10 Jaugye. The vacuum 1n
the cnamber 1s 1.4 = 10°% Torr as vead by 3 Varian 10vn gGauge
control using a nude tube inserted i1n the vacuum chamber.

Figure 2 is an analog spectra of masses up to mass 20.
Examination of this Figure shows that spill-over from zero mass
to mass 2 has occurred. The amplitude of the bar graph at mass &

15 close to the half peak seen at mass 2 on the analeg picture.

39
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SECTION 2

silicide photodiodes.

DYySTOm #C 1w

(-3 '

that has been retrofitted with a load lock.

high vacuum gate seal
replace the "0O"

the bell jar.

personnel have been reluctant to remove the

been cleaned several

swabbing the seal with a G~tip saturated with elcohol

decreased the leak but not eliminated

under partial vacuum
to the differential

reduced rate from 10~
10

into Torr.

vacuum achieved. It
the height adjustment
”D“

scraped the Ying.

The following 1s

si1licide and platinum

METALLIC STRUCTURE OF

discussion on a comparison of

Since the neight adjustment

times

r----------------II------.--I----r~*

This section covers problems with system #2 and gives a

iridium silicide and platinum

efarhizhicd C=i2ral Clectric vacuum svstem
The "0" ring on the
has a small residual leak. In order to

ring the load lock has to be disassembled from

1is extremely critical

"g” ring. It has

by aopening the gale twaically ang

This bas

1t. When the load lock i
(1.e.5 P=10 Torr) the lesk is reduced due
pumsir~.  The leak is now leaking at a much
“ Torr into 10" Torr inztead of 10 Taorr
We gain at least one order of magritude 10 the

is possible the "0" ring was damaged when

was made as the scissors fork might have

a discussian an a comparison of iridium

silicide photodiodes.

SILICIDE

The formation of
understood for thick

fusion couples as wel

silicides of Pt form mainly by diffusion of metal

the different silicides of pla*t.num well

1s
layers of platinum. Experianents with gif-
1l as with market atoms have shown that the

into the sili-

con substrates. In this models when a near nohle metal such as
Pt 15 deposited ori a clean silicon surface 1n thick layers of
over 1000A and thew ralsed to an elevated temperature to form a

s1li1cide,
1nto the
all af the platinum
sur face of the metal.

layer structure whith

the following segquence DCCUrs.
sitlicon and forms the platinum

Je

The platinum diffuses

rich Pt 21 compound until
consumed and s1laicon reaches the bactk
During thie reaction. there 1€ 3 multy -

consists of the si1licon substrate 1n

]
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zortact with the forming Pt Gi, whach 1 o vov o 1 conbzct with

unreacted Ft metal. During the next wtage 2t formation. the

Pt.-51 at the intorface beginzs to form Proy ookt the P oditfuasiog
in frem the Pt vich Pt .51, This reacryios Tochlowess ot oall of
the 7t .51 19 corverted 1nto FETr o oandd the -0 caacbgre s thas
c=table. The impoartance of this type Of rea tien 1o thiatl dor e
Tgrmation o7 tha metallic laver., an vapog threes whiioth mas
rostlally bave been at the 1nterta. & a0 noovoorated 1aoto the
FrSh laver ., This sweeping of Frhe tmepoc v bres. Trom e yohe |
may ac.ount for the high reprogucibility and super e 90t icad
rerformance of s:licide Schnttiy Docster photodetecnos s,

Large area staring arrays of dicdes mave boeen tahricated o
several laboratcries using this te hricuae. fives dlodes ace
charactericed by /7f noise which 14 below .1 Hz owveyr mcst of fhe
array. Cccasicnally am array i1s tound whioh mvay have | To &
naolsy detectors. The arrays have 49,000 getec oo > oot o o7

‘esninsivity urmitormity of 99.753% rmse. Waith & simple covrection
algorithm dgescr ibert by Evinn', the acrray ©an be pade uriform 1o
responsivity to ?9.976% rms.

The silicide formation sequence desc: itead above does not
necessarily hold for the thin layers of PtS1 uz=d for advanioen
staring focal planes. In fact, when layers of 3A or tess arve
used 1t has been shown that the phase seqgquence 1s metastable
leading to the results shown in Figure 1. In that figure, we
plot the quantum yield of the photodiode in a modified Fowler
plot. Photoemission of a Schottky diode conserves perpendicular
momentum as the carrier crosses the metal silicon interface
resulting in a quantum yield, Y, expressed as:

Y = C,%(E - ¥..)2/E B
where C, 15 the Fowler emission coefficiert which depends on
metallic parameters, Y.. 15 the height of the electronic bsrrier
between the metal and the silicon substrate, and E = hv is the
energy of an incident photon. The Fowler plot is obtained by

linearizing the yield equation so thct both C, and WY... can be

~bhtained.

,IV'*E':: .Hf,&(E - Va0
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There are twoe distinct linear reglions in the first curve cf tre

figure. These two regilons give two separate values for emission
etficiency (C,. = 3.2 agnd C,;. = 2.9 and barvaer nheighte (., =
0.202 and ¥, = 0.,270Y, These values are obtasined by fittiag the

two curves in a piece wise linear manner using a least mear
=»quares fit to girve the best fit to each straight line. ihis
data was taken about two weeks after the diodes were fabricated.
The same diode was measured about 1 year later to obtsin a morve
accurate valued 1o+v the low barriler portion of the cur ve. That
vatas, plutied as =1ngle slope «traight line. faleco plotted: shoes
that a dramatic ctiange has taken place during the vear o tre
shelf at room temperature. to see 1f this were a patholcg:i:-al
diodes we took data again. two years after fabrication, an? faourd
1t to be unchanged with 0, = 17.3 ang YW.. = 0,234,

These data can be explained using results reported 1n [<935 .,
Most Fowler curves give a straight line with a single slope.

There can be a cuy vature at both the high enerqgy end csasucss o0

T

counting losses irn the excited carrier populatior and near th

i

intercept on the @aergy axis caused bv hot carvier co.lizion
with the lattice. Both of these phenomena have been descrined
ucing the Mooney-Grlverman evtension of Yickers 7 phe toem 2300
theory.

Ver, thin layere of Pt on =ilicon do not foom n Pt v thea
fashion outlined above for thick layers. Three differemnt bt k-~
ness reglons flave been identifled as occurring 1n toe 2 hens
a) less tharn 10A o+ | to 2 atomic layers; b)) bet veen 174 z3-~d 7354
or 3 to 195 laverss and ©) greater than 754, The thachtest 1s ers.
1.e. greater than 7DA, show ygrowth cnaracteristics simila 0
those of the erbtireaciy thick or 2000A samples. The et o0
diftraction pattecas show well defined spots of Fthi, rnaicating
that the metal silicide lattice 15 well formed and statble. [o
ternal photoemi=ciGn measurements show that the optical par e

15 W = 00230 and L, o= T & very thin 1nterface laver who:

1]

composition 1< Pt Ty oith o cess Pt owas alsc obzersed. tat R
ctrength ot the-e j1tfraction vings was small, and e~1: qaord oo
methods were needel o see the layer., In tre intermediate a1

L6
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of 3 o 15 atomic laverss there was o mi:-tave 5f all three con
Coanents. t.e. PtS1 with Pt %1 and Pt oat e tniterface., The
Fowler emisslion constant., O, inocreawen ot e reasting layer
rthickness as 17t down to 15A, Thie 1s an (Hditation that the
mw2tsl si1licide layer covers the silizon cabsby atle wibh g
zontinucas fiim.

lhe thinnest regicn of t to ¢ wnota 2cs da=s not follow ~re
cattern set cut above. In fact, the emicr, v constant actua!l !
gets snaller, 1ndicating that the surfacre of the petal 1 N
covering the cilicon substrate complietely. The mater . al apress s
to form clucters rather than contimucus layers. (Lt 1s thougt

that this zlustec formations which 15 rmetaztable, (auses ‘he
rhange in the photoemission charactericty » wlith time. [r tte=
clusters were Pt-rich, then lateral diftfusion forces could Ccal-=
the Ft to maove out over the urreacted par fti1on of the surface o
time to create a continuous film which has emicsion character (o
tics similar to thicker films.

Pt filme thicker than 3 layers do not show this metastable
osehavior. They form a structure whicl does not change with time
and have a single emission coefficient. This 1ndicates that
there is complete surface coverage at just 3 lavers and this
coverage will passivate the structure so that thece are no
changes with time. For the thin, metastable structure i1t i<
suggested that the initial phases which form are Pt..Si with
excess Pt. These two phases lead to a photoemission character -
1stic shown with the dual slope curve in Figure 1. After a
suitable stabilization times the structure converts to PtS1 which
has a photoemission characteristic shown in the single slope
curve., These results are in line with those reported in 1984,
where three different thickness regimes are identi1fied from met-
allurgical examination of Pt on n-type silicon substrates.

These results allow for a new explanaticn of the 1nitial
growth of Pt deposited on silicon. The first one or two layera
depasit in non-equil.brium, platinum-rich clusters which are
n2tastable. Lateral diffusion forces cause the erxcess plati.:-

1n these clusters to become planar with Yime and conves b tn o

4/
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For structures having between 3 and 15 layers, the Pt.Si a..1 71
are in eqgullibrium with PtSi at varying rations. Over 15 layers
the equilibrium PtSi structure is formed and 1s unconditionally
stable. Fowler plots of PtSi diodes with more than 4 monolavers

of metal do not change with time.

IRIDIUM SILICIDE FORMATION

The structure and phase formation sequence tor iridiur on
silicon 1% much more complex than for Pt. The metallurgical ,.o-
51 system may cont :in more than 8 intermediate phases as
described by Nicolet and Lau®, Evern though the exac! ohace
diagram is not known. there is general consensus that only three
atf them form in detectable gquantities on silicon substrates
These are IrSi, IrSi., and IrSi.,, There 1s consideratle di:s-
agreement over the value of x 1n the IrSi. structure, but it 15
knuwn to be between 1.3 and 1.75. Baoth the x-rawv ang elect orn
diffraction spectra have been i1dentified for the phase.

The diffusing species 1s the main difference betweern F@ oandg
Ir 1n their formation of si1licides. Marker stom ex<per Lments 1o
thick Ir layers depaosited on silicon show that silicor is the
major diffusing species. This would tend to make the final mets!
si1licon i1nterface much dirfferect fraom that 1n Pt where a new
atomically clean interface ics formed at some distance down i1~tc

the silicon. Far Ir, any 1mpurities which are at the 1nte - gce

Qa
of]

when the metal 1s deposited will gtill exist whern the z1lic
s1ntering process 15 finished.

fhe phase growth sequence can not proceed in a marnmer
similar to Pt since no metal «ich yridium si1licon phase ev:1sts.
The temperature of formation of the 1ridium silicides 1s higher
than 1n Pt because 1 1s the maein diffusing specles. e have
noted excellent PL5)1 tocrmation at temperatures below 200°0L. but
IvS1 requires temperatures In excess of 400-950G0°0, Flurthermore,
electron diffraction patterns of diodes with lavers tetween 104

and [0O0A 1ndicate that seoveral different metallurgical phasec ca

coex1st 1w a stable: v 91 1nterface. Ptiase adentification howe

that there can be up ta three different compositions 1 the wet 3l

48
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laver: namely 1rSi, Ir5i, avrd um cacted Jr. The relatirve
compcsltions ch-nge with different processing, but we have ,ct to
Tirnd 3 single phase iridium <¢1licaon compoand 10 eguriitbrium with
the siliconr substrate.

This leads to considerable varilation 10 our 1nweernal photo-
emission measurementsy as well as 1n electrical and activation
snergys data. Figure 2 shows a Fowler emission nlot tor a than
oG photeoolode having an optical tbarvier of 0 g6 and a Lo
wavelength cuteoff of nearly 10 a7 ometor s e EMISSLION O -

=tant of ©~. = 9.95%/eY 15 a factor nf 3 to 4 le:s than that of
FtSi devices and mayvy be a furction of the particular plicnse 1tocmed
10 this diode. The barrier height for tto< dosice 1s cor: obor
ated by nerforming an activation enerdy audlysis as shown in
Figure 3. Thice curve 1s abtained by meazuring the do current 1n
the dirode at 1 volt reverse bias and varvinyg the dicde tempera-
ture. The results can e analyzed using the Kichardson relat: in-
=h1p in Equation 3 below. which describeg the saturation current
1y a rreverce biasea Schottky diode. I~ thils squation &, 15 the
Ficnardson emicssion coefficlient, T 1s the temperature 1n deygrees
Fy wnd bole the Boltzman covstant. The sicre »f the line 1n

b s T2ewpd =W Sk T Co
“1gure 3 1s related to the electrical hei1ght ot the Schotthky
tarrier, ard for thic device the barvrier 1s N2.127eV. Hencel. tov
thi1s device both optical and =2lectrical measurements yvield the
same barrier. This measurement 1s made i1n the dark with cold
shields su rounding the device to assure that there 15 no stoay
light leatage or 1infrared photons affectli:g the curvent maasin .
ment.,

In order to show the variabilitv whict oclur e v the 1r —a
revallurgical evystem, Figure 4 1¢ 1ncludet. Tthhis 1= a Fowlos
emission curve for a diode which was praceczed nedy v tdentically
te that of Fagure 2. thaie figure indicats o that twe S babie
fhases are present, similar to the yesult- v e bremnely o
ASES U The barrier height is ahout 0.02%e higher thoo o Fago e

and the emission constant 15 about halfl ot trhat foy the devo o

o B e o In terms of 1ts use 3s o plte bodetector o Phira de

e
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cuts off at 8 microns and has anly half the responsivity.

Pt51 Schottky barrier photodiodes are vary well behaved
infrared detectors. They can be formed over a sintering range
from 200°C to over 400°C and give uniform devices. As long as
the thickness aof the dicde is more than 3 or 4 atomic layers, the
structure 1s stable. There is no indication of a change in these
devices with time, even thonugh the metal layers are not passi-
vated in any way.

IrS5: oftfers the potential of making Schottky, 1nfrared detec-

Lors with response nut to bevond 10 microns, or well 1ntg thie

long wave 1infrared. Some of our measuvements which ar2 not
repor ted here have indicated response beyond 13 microns. H s —
ever, this must still be reconfirmed. The major pDroblem with tr=

IrS51 metallurgical svstem is 1ts tendency to form several d:ifter -
ent metallic phasecs :1n equilibrium with si1licon. Fact meta: lur-
gical phase tends to have i1ts own electrical and optical barcier
height, and with several phases present at any one time. 1t 13
not clear whioch one will dominate the photoresponse. Secordl oy,
the major diffusing species 1n IrS1 devices during the for natia
15 s1licaon. This leade to metal silicon interfaces which a0 o
as atomically clean =o they are in PtS1 where the diffusics of Ft
into silicon causecs « frest metal semiconductor surface to be
formed after device sintering. These 1nterfacial 1nclusions can

have an effect on the emission of hot carriers by actins uz

enrnergy lose scatterevs.
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FOWLER PHOTOEMISSION FOR THIN PtSi LAYER

WAVELENGTH (um)
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Figure 1

Modified Fowler plot for thin PtSi diode showing
metastable conversion of Schottky photoemission
with time.

FOWLER PHOTOEMISSION OF irSi SCHOTTKY DIODE

WAVELENGTH (aum)

-

LA RAAS SRS ARSRRARIARANRALN RARS RANDARLS IS

»
®
»

3.0 . 1.6 1.2
2.0 2.1

_1
-*

(Vev)

1.0

Aco = 9.8 um
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1 Cy=5.6%per oV
0 ] ) 1 L Ll 1
0 .2 .4 .6 .8 1.0
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Figure 2
Modified Fowler photoemission plot showing spectral
responsivity in the long wave band.
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THERMAL EMISSION OF IrSi SCHOTTKY DIODE

TEMPERATURE (°K)

200 100

67 50

LOG (J/T?)
]
©
T

-10

-11F

-12

T T

Y= .127

BIAS = 1V REV

§ i i 11 [ 1

§ E N B S U T |

T

5 10
1000/T (1/K)

Figure 3

15

Richardson plot of same IrSi diode as in Figure 2

at 1 volt reverse bias.

Measured

barrier height is

the same using both thermal emission and photoemission.

IrSi PHOTOEMISSION CHARACTERISTIC

WAVELENGTH ( um)
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Figure 4

Modified Fowler spectral emission for an
IrSi diode showing at least 2 stable phases.
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H. John Caulfield

ABSTRACT

The traditional two--hidden-layer neural network is often
supposed to offer the best possible classification among input
classes. Comnnecting two such neural networks through an
intermediate multiplicative layer can vyield full or partial
disambiguation of results from a single "traditional" neural

network.
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I. INTRODUCTION
Very simple neural networks based on Perceptron-like mechanisms have
proved extremely powerful in pattern classification. The key element {s a

"neuron" such as shown in Fig. 1.

Wiy Xq
o SIGNALS
Wip X 1 PROPORTIONAL
TO oy TO OTHER
NEURONS
¥in Xn

Fig. 1. A Symbolic Representation of a Neuron

The ith output is
oy = f(sy)

where £ (') is a nonlinear function and

8y = § wij XJ,
where xT = (X,, X4, ..., Xp) is the input vector. We can also write

sT = (s,. s,, .... sp) and W = {wyj}. Then

3 = Wx.
These operations are readily interpretable in terms of dividing the deci-
sion hyperscape into polygonal regions. The first layer erects planes in
the x hyperspace which make decisions (class A on one side; all other
classes on the other side). The second layer ANDs such planes to form

hyperspace polygons (A inside, not A outside). Since this is the best we
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is the most we ever need.

We show below that additional hldden.layers can improve performance
and, therefore, the "folk theorem" just stated is highly misleading
although technically still correct, if we limit the definition of neural
networks sufficiently.

II. DIDACTIC DEVICE

We will illustrate the arguments with the simplest possible case

which illustrates this problem. The input vector will be

X = (X4, Xg. ..., xg)7T,
since we cannot draw x space, we draw a space ; = (v, y,)T chosen to pre-
serve A-B separation to some extent. There will be only two classes: A and

B. Iny space, we suppose they are distributed as shown in Fig. 2. Classes

A and B are not fully separable in x or ;. Traditionally, what we do is
either (a) partition all of X space anyway knowing this will lead to occa-
sional errors or (b) create a third class, C, which corresponds to "A-B
AMBIGUOUS." In either case, we have done all we can and we can do it with

only two hldden layers. Or so goes the argument.

C ; .

Fig. 2 We show A and B largely separable in ; (or Xx)
space, with a small (hatched) region of ambiguity.
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IIT. IMPROVING THE SYSTEM
Let us start with the three output (A, B, and C) case. The network

is shown symbolically i{n Fig. 3.

X,
Xe
Xn (A-B AMBIGUOUS)
X, 2 _A
X, ———B
HIDDEN
LAYERS -
Xn C

(b)
Fig. 3. A two hidden layer neural network generating A, B, and C

from x shown in two levels of abstract symbology.

Let us now construct a new neural network with inputs cx. Here the multi-
plier ¢ has the effect of making the inputs to this network all zero unless
the observed X is A-B AMBIGUOUS. Therefore, we only need to train this
neural network on samples from this "ambiguous region. Unlike the first
neural network, this one need not trouble to separate A and B samples which
were separated 1n.the first neural network. Relieved of this duty, the
second neural network can often fully or largely separate events in the

"ambiguous" region (1,2). Let us call the first and second two-nidden-

layer neural networks NN1 and NN2. We symbolize them as shown in Fig. 4.
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X, —A cx, ——A
X, -8B CX, L .B
NN1 . NN2
Xp C CXp c

Fig. 4. Symbolic representation of the two networks so far described.

Now we are in position to combine these two neural networks as shown

in Fig. 5. Only if the input is ambiguous does C exceed zero and NN2 come

into play.
X, A
X, 3
NN1
Xn C
g ol ~ =
x, x B () B
NN2 N~

—C

Xy '@

Fig. 8. A combined four-hidden-layer neural network with zera or
reduced A-B ambiguity

Iv. ANALYSIS
Clearly this combined system reduces or eliminates the A-B ambiguity.

Furthermore, it {s concefvable that more layers would reduce the ambiguity

even more.
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Clearly two hidden layers do not give all of the separation the data
are capable of yielding. The combined neural networks are "untraditional”
in the sense that multiplications (cxj) occur in the center layer. There
is, however, blological support for multiplicative operations of this type.

Thus, whether or not this multilayer neural network is traditional, it
is simple and superior to the traditional neural network in resolving

ambiguities.

V. REFERENCES

(1) H. J. Caulfield, R. Haimes, and J. Horner, "Composite Matched
Filters,"” Gabor Memorial Issue, Israel J. of Technol. 18. 263
(1980).

(2) H. J. Caulfield and R. Haimes, "Optimu=m Use of Data in Space-
Variant Optical Pattern Recognition,"” Optics and Laser
Technology, 310, December (1980).

VI. ACKNOWLEDGEMENT

Thie worl wa2 performed for Dove Electronics, Tnc. under RADC Contract

No. F19628-87-C-0155.

59




J. Comer

INTRODUCTION ~

During the past year there has been a decrease in the amount
of time applied to electron microscope studies of PtSi on .
s1licon. In the period the possibility of doing convergent beam
electron diffraction with our JEMIOOCX electron microscope was
explored. This technique could be of significant importance in

obtaining more detailed information on crystalline materials than

J

can be obtained by the technigue of selected area diffraction.
Other technigues being used for the first time include 10n beam
mi1illing of the specimens for transmission electraon micraoscopy and
direct lattice imaging applied to superconducting materi1als with
C spacings of 11.8A or laiger. A new technigue for evalusting
multilayered structures on GaAs 1s being used to determine laver
thickness and composition of the layers on specimens prepared in

the laboratory.

PtSi ON SILICON

In trying to correlate electvrical properties of FtSi on
silicon with structures as observed bv transmission electror

microscopy and electron diffrartion, two specimens which hoo

exhibited di1fferent electrical properties were compared. irese
t.ad been prepaved by evaporating platinum onto (1110 oriected
g1licon and anneallng at 350°C to form PtS1 by this solie s ate

reaction between tne deposited metal and the silico» .ubstrates.
The only differernce 1n the two preparations was 1n the thichnecse
of the platinum films: one was 5O0A thick and the cther 1004, I
anmealing, PtSi fti1lms of 100A and 2004 respectively were formed.
The results of the 1nvestigations, made ov specimens thinned .

chemically from the uncoated surface of the silicon to the 5,
frilms showed diftes onees 1n the oraientation of the PLS1 on the
«i1licon. Usuaily the FEtS1 films show a strong preterred
arientation with 1 espect to the silicon 1n the followiog
epittaxial relaticoohp:

1) (OO ES1//0111) 5

LOO2IPLS1//7<2200251
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The three equivalent <220> directions in (111) silicon are
responsible for triple positioning of this PtSi. Figure la shows
the above epitaxial relationship for the 200A PtSi film. Triple
nositioning cannot be observed here because only a segment of the
whole pattern has been selected for comparison. The 100A-thick
PtSi film, seen in Figure 1lb, shows a second epitaxial
relationship:

(2 (001)PtS1//(111)81)
[3101PtS1//<220>51

It is known from work on other samples that differences in thick-
ness of the platinum by itself cannot explain these results.
Other factors which may affect the orientation are rate of
deposition of the platinum ard ariations in the annealing

temperature.

————-30l Il[S"

201 PS¢ 002 {35 - _ 30 rES:
02 PtS: » T — -
0 . . 210 5, 22e S7
‘e 3 e
. o (Y . )
- \ ‘
1Y
L] 'Y
.
® . -
L @
- -
p $
L

Figure 1: GSelected area diffraction patterns of (a) 200A-
thick and (b)) 100A-thick PtSi on silicon showing different
epitaxial relationships to silicon.
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PHASE SEPARATION IN FLUDORIDE GLASSES

Phase separation on freshly-fractured surfaces of glass can
often be detected by scamning electron microscopy with a minimum
of specimen preparation. However, when there 1s insufficient
contrast because ui the very small size and/or low electron
scattering power of the precipitate phase a replica techniqgue
must be used. The use of a preshadowed carbon replica increases
contrast and adds shadows of the precipitate particles that can
be used to measure their heights. Micrographs of the replicas
were obtained by both transmission electron microscopy and
scanning electron microscapy. The latter method was sometimes
necessary to separate the background structure of the platinum
shadowing metal from that of the separated phase. On the
scanning electron micrographs the resolution was sufficient to
show the precipitate particles but not the finer grain structure
of the platinum. Figure 2 shows a transmission electron

micrograph of a replica showing phase =sep~aration.

Figure 2: Preshadowed carbon replice of fresh fracture

surface of CLAP glass CAR$®. "mall particles of the separated
phase are seen. The shadow 1ght ratioc is 3:1.
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DETECTION OF ASBESTOS FIBERS ON MILL IPORE FILTERS

In a continuing investigation of contamination of asbestos
- fibers, P. Drevinsky submitted specimens collected by air flow un
millipore filters. The particles were separated from the filters
. by evaporating a thin layer of carbon onto the filter surface,
scoring the filter intoc 3mm squares using a scalpel, and dissolv-

ing the filter material in acetone. The carbon films containing

dust particles extracted from the filter surface were mounted on
200-mesh specimen grids for examination. Chrysatile ashestos
fibers, 1dentified by morphology and electron diffraction, weire
found on sample N 265-4. A repurt of the tindings was submittead
to Drevinsky.

TEXTURE IN ETCHED SILICON WAFERS

Using preshadowed carbon replicas, specimens of sil:con
etched in a solution of ROH for 153, 30 or 45 seconds were com-
pared. The sample, submitted by L. Ludington, represent some ot
the work done in the Electronics Device Technology Branch to
determine the effect of surface texture on the electrical proper-

ties of their devices. The replicas were sepavated by lcocwering

sections of th=2 silicon in 7:1 HNO--HF. Change in texture with

Figure 3: Terture developed on a polished si1licon substrate
after etching in ROH feor (a) 13, (b) 30 and (c) 49 seconds.
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CONVERGENT _BEAM ELECTRON DIFFRACTION

Although the present JEM-100CX electron microscope was not

designed for convergent beam electron diffraction (CBED) details
cn adjusting lens currents in the microscope to obtain these
diffraction images were obtained from a colleague at the Army
Materials and Mechanics Laboratory in Watertown. A series of
patterns were obtained for (111) and (100) silicon to determine
the effect of altering camera length, beam spot size and
caondenser lens aperture size. Knowing the proper settings *o
obtain different kinds of i1nformation will be important if the
technique 1s to be used 1n the analysis of crystalline materials.
Details of the method will not be given in this report. It will
be sufficient to show the types of patterns which can be obtained
and indicate what information they can give beyond that obtained
by selected area diffraction (SAD). In the CBED mode the
electron beam spot size is less than 400A as compared with O.9Rrm
for the SAD mode. This makes it valuable for identifying small
particles of an impurity 1n a second phase. The diffraction
spots (hR1 reflections) seen by SAD become discs when imaged by
CBED. Within these discs there 1s important information which
can be used to determine the crystal structure. Slight changes
in lattice parameters, as may be caused by strain, can also be
determined from the fine structure within the discs. The
natterns can be made to display an ocuter bright ring which as
formed by first order Laue reflectiaons. From the diameters of
these rings, 1nterplanar spacings parallel to the electron beam
are obtained. The following Figures show how the patterns
necessary to obtain the above i1nformation can be formed with
proper adjustment of spot size, camera length (CL) and condenser
lens aperture ((C.). In all cases the accelerating voltage i1s
100KV, In Figure 4 reflectiuns from the planec of the crystal

are imaged as discs.
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Figure 4: CBED pattern of (111) silicon.
CL = 46cmy Spot 4, Cww = 300Hm

The bright outer ring is the first order Laue zone (FOL2) from
which the crystal dimension parallel to the incident beam can be
determined. When the size of the condenser aperture (C..) is
increaseds as in Figure 3 and &, the discs overlap. The zero
order reflection at the center contains lines representing high
order Laue zones (HOLZ). When compared with computer-simulated
patterns slight changes in lattice parameters can be determined
from the spacings of these lines. This pattern aleo reflects the
symmetry of the crystal from which crystal structures can be
determined. An atlas of CBED patterns for crystals of various
symmetries will be available for rapid identification of crystal

class and symmetry!'.
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Figu.,e 95: CBED pattern of (111) silicon.
CL = 76cm, Spot 4, C. = 4Q0Hm

Figure &: CBED patterrm of (111) silicon enlarged to show
detai1l in zero order disc. Same conditions as for 1mage in
Figure 5.
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Patterns meeting two-beam conditions are made by tiltirg the
specimen to obtain the zero order reflection and a single strong
reflection. In Figure 7 this reflection is the 220 of silicon.
This type of pattern obtalned under CBED conditions shows fringes
whoge spacings can be used to getermine TNickness cof the

specimen.

Figqure 7: Kossel-Mollenstadt pattern cbtained with 220
reflections of silicon.

ION MILLING OF SPECIMENS FOR TEM

In earlier reports of platinum silicide formation on single
crystal silicon, electron diffraction showed the existence of a
film of platinum at the PtSi/51 1nterface. QOther workers
suggested that this film was caused by a chemical reaction
between PtS1 and the 7:1 HNO ~HF used to thin the specimen. In
order to determine whether this 15 what occurred, a specimen of
silicon containing 2004 Pt51i was thinned using the newly-acquired
ion mi1lling unit. Thinning occurs by the bombardment of argon
ions at about 6kV. UWhen the thin resi1dual film of PtSi over the
hole in the si1licon was examined by electron diffraction, there
was no platinum. A diffuse ring pattern was 1dentified as coming

from amaorphous si1licon formed by 10n damage. This experiment,

Oy

.
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along with some earlier evidence, did establish the fact that the
interfacial platinum film was an artifact introduced by the
chemical method of thinning. The diffraction pattern and the

region where it was obtained 1s shown in Figure 8.

(b)

Fiqure 8: (a) Electron diffraction pattern showing
reflections from silicon and PtS1 and a diffuse ring pattern
from amorphous silicon. (b) Microgvraph showing the circular
region (light) where the pattern was ocbtained.

TeEM OF SUPERCONDUCTING MATERIALS

An investigation of a specimen of orthorbombic Ba YCu 0. was
started to determine what 1nformation could tbe obtained by trans-
miss1on electron microscopy of supercornducting materials. A
powdered specimen made by the sol-gel method was obtained from M.
Suscavage. The material was placed 10 propanul and ground with a
mortar and pestle. It was then dispensed by ultrasaonic vibra-
tion. Large particles were alluwed to settle out and a small
volume of the supernatant liquid was placed 1n a specimen graid
containing a8 holey carbon film. ldentitication was made by
selected area diffraction. A lattice 1mage aof a crystal with the
beam parallel to the a or b a¥13s 1e shown 1n Figure 9. The (001

planes witn spacing of 11.8A are seen.
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Figure 9?: Lattice image of Ba..YCu~0.. showing the (001)
planes.

In Figure 10a a dark field image of another crystal is shown.

The bright bands are taused by stacking faults normal to the

(b)
135,000x

(a) Figure 10: (a) Dark field i1mage of Bu2YCu307. The bright
bands are stacking faults normal to the c-direction. (b)
Diffraction patterns showing streaked reflections (within
circle) used to form the image.
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c-dairection. These faults caused streaking of the reflections
along the [001] direction as shown in Figure 10b. Faults of this
type have been seen by other workers®-» byt the cause in this

particular case has not been established.

EQUAL THICKNESS FRINGES IN LAYERED GaRs/Al.G.: . As

A method for obtaining equal thickness fringes at the
intersection aof freshly~-cleaned (110) and (110) planes in GaAs
containing alternating layers of Al,G.. .As has been described by

Kakibayashi and Nagata™ %, We are cu.rently attempting to use
this technique to examine specimens prepared within the labora-
tories for the purpose of determining layer thickness and

composition from the change in fringe spacing.

REFERENCE.S

1. Tanaka, M. and Terauchi, M., "Convergent-Beam Electron
Diffraction," JEOL Ltd., Tokyo, Japan, 1986.

2. Roth, G. et al, A. Phys. B (londensed Matter, 69, 5359
(1987) .
3. Tafto, J. et als Appl. Phys. Letter, 32 (8), &67 (1988).

4, Kakibanyashi, Hiroshi and Nagata, Fumio, Jpn. J. Appl.
Phys., 24, LP03 (1985).

S. <akibayashi, Hiroshi and Nagata, Fumio, Surface Science,
174, 84 (1986).

70




'y porke mothematical loboratories, inc
lTd carlisle, massochysetts « 01741

R. Kennedy

1. (HTRODUCT ION

Comnunication security has been achieved 1n fiber optic
communication systems (IROCS) by ensurinc that any undetected
intrusion will deliver so little power to a potential 1ntruder
that he will not be able to extract anv useful information from
1 t. 0f course, the system users must recelve 2nough power 1o ex -
tract all of the 1nformation that is intended for them. Thu= the
modulation ' coding method that 1s employed chould exhibilt a sha g
sower threshold above which satisfactory performance exists and
below which no useful i1nformation can be extracted from the si1g-
nal. The existence of such a threshold reduces the sensitilvity
that 1s required of the intrusion detectinn part of the IROC
system,

1o date, digital signaling methods hive been us o to provide
the desired threshold. This has been warranted for several
reasons. First, at the infurmation rates that have been of
interest, the appropriate digital 2.2 uptical devices have been
readily available. Second, digital signaling systems do exhibit
a sharp power threshold. Third, the performance of digital
recelvers is well understocd for all recelved power levels.
Consequently, definitive statements concerning the performance
achievable by an intruder can be made--at least when the infor-
mation to be transmitted consists of a sequence of statistically
independent symbols.

On the other hand, the use of digital «ignals limits the
feasibility of using IROC systems to tranmsmit wide band analoy
information. For example, a data rate exceeding 100 Mbps may be
required to digitally tranmsmit a 3 to 10 MHz analog video wi1gnal.
Not only does this exceed the capacity of existing IROC systems.
1t also entails the use of very wide band and fast aralog to
digital armd digital to analoqg converters.

Moreover, the fact that the sampled end digitized data
ztream i1s highly redundant, i.e. the digital symbaols are not

statistically independent, means that ithe arguments caoncerntng
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the 1nability of en intruder to extract any useful "information”
are no longer val.d. For them to be valid it would be necessary
to souvce encade the data stream s0 as to eliminate any redundant
infaormation and statistical dependencies. This would have the
further virtue of reducing the required data rate. However, such
sgurce encoding 1s not now a practical possibility.

Freguency modulation, or more generally angle modulation,
may be a useful alternative to digital signaling when analog
infarmation is to be transmitted since it too exhibits a shavp
performance threshold'. QOur work during the past year has been
concerned with determining the user performance and intrusion
resistance that can be achieved with such modulatiaon.

The determination is complicated by two factors. 0One 15
that little theoretical knowledge exists concerning the perfor-
mance of ar FM (or angle modulated) system below the threshold.
Second, since the performance is typically measured by a mean
square error, or an equivalent signal to noise ratio, the
question arise= as to how much "information” an i1ntruder may be
able to extract from a signal for which the signal to noise ratio
15 small.

Both of these guestions will be dealt with in a fundarmentsal
way by upper bounding the performance that an intruder can
achieve. In particular, the performance he could achieve 1f he
were allowed to partially specify the modulation format will be
determined. To that end we have drawn upon the existing a-si,ses
of angle modulation systems to determine the performan-o tor tha
sysatem user and upon information and rate distortion theory, to
determine tundamental bounds upon the performance that can be
achieved by an intruder.

In the coming monthss those results will be combined to
determine: 1) the cholce of the system parameters that ma<imizes
the guaranteed intrusion resistance, and 2) the resulting 1ntru-
sion resistance. In the sections that follow, the performance
expressions for the i1ntended system user are presented.

Wee note 1n passing that some of the results to be ot:tained

it the coming months will be 10 terms of an achiesable mean
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square error. To same degree such results will leave opon the
gquestion of how much "information” an Iintruder can extract trom a
+ery no1sy signal. However, as mentiorned abovi, the same 1ssue
ari1ses when analog information 1s transmi-ted over a digital [ROC
system by sampling and gquantiring without comprescing the data to
eliminate all redundant 1nformation. Moy ecver suome of the ve
sults will be expressed directly 10 term of information cornternt

rather thaw mean square evior.

2.1 DEVELOPMENT GQF SYSTEM MODEL

The communication system of interest is shown 10 Figure £.1.
In this section that system will be raduced to suppress the
optical subsystem, the performance eguations that result from
linearized analysie of the remaining angle modulation system uased
with a phz2se lncked loop recelver will be presented, and the
threshold condition that must be saticsfied for the linear 1zed

analysis to be valid will be 1ntroduced.

— N R

l {iepl ) FTo T T T PR e
XKty |FM | --=-|or : ————— lFIBERJ ————— J|DIR DETj--—-|FM -
| XTR R(t)(ILD Yo (e ey () REC rit) |REC|
|— | | N\ e ~l
L L...._._..T_._.—__J
XTR Optical Powers ‘ REC

|

[ |

P S OPTICAL SUBSYSTEM-—-~--> '

FIGURE 2.1: SYSTEM STRUCTURL

2.2 REDUCTION OF SYSTEM

In Figqure 2.1 x(t) 1s the information <«i1gnal ta be trance-
mitted. We take 1t to be a zero mean wide sense stationary
random process with a power spectral density S, (w). For conven-
1ences x(t) will be normalized so that

o
J S.twydw = X2() = | B
- 81‘[
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tn much of trhie subsequent analysis it also will be assumed thiat
x(t) 15 a Lausslian random process.

Referring again to Figure 2.1, s(t) is a fregquency mcdulated
signal produced from x(t). Since pre—-emphasis will be allowed,
s(t) 1s given by .

s(i) = JCcos{2uf. .t + h(t)*xul(t)*s(t)? 2.2
where f, 1s the subcarrier frequency of the modulated signal,
hit) 15 the impulse response of the pre-emphasis filter, utt) 15
the unit step function and * denotes the operation of convolu-
tion.

In Section 3, htt) will be chosen either to optimize the
system’s performance, i.e. to produce what is called Optimurm
Angle Modulation. ov to produce conventional FM. In the latte:

case h(t) 15

o

Bty = d,80E)

vwhere §(t) is the unit impulse function. The cignificance of o,
1s described below.

Given the normalization implied by Equation 2.1, de¢ ca e

shown to equal one half the RMS pandwidth of the bandpass cignal

stt)yi’, Stated alternatively.

RMS bandwidth of «(t) = 1d,e Hz DG
n
More generally, thiec RMS bandwidth with pre-emphasis 1S glven v
w
RMS bandwnidih of s(t) = 1 I 92{5~(”‘1H(“)|? Vo e L ak
n o 2n ‘

The modulated si1gnal., s(t), is used toc amp!,tude taosulate

1oy tre

113

the power cgutput. y. . ¢(t)y, of an LD ov LD. More precie

short time average of the LED or LD ocutput power 1s gil.en U

v () = (L + kas(t)P, .5a .
vihere
m i ! oL on
arnd P 15 the aved age power that exists when sty 15 rev ol
W assumizy tialinsbicaltlys that the npow:r rgral o ot ot
dictorted by the fatas oo that the 1nputbt, y, Tty to tha e T
CECBR L vEr s Dropos Yool to oy Gpecrfaicall .
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vttty = {1 + ks(t)iP L .6
where L accounrts for the attenuatiorn precsent between the tyarnes-
mitter and the recelver.

The veceilver of the iIntended syatean user trret direct
detects vy, (t) wi'h & photo detector of guantusn &1V 01016ty s
fi1lters out the DC component of the (e-uliti1ng electraonic s1gnai
and scales 1t to preoduce an autput ~7E) that (3n be 1 epresentait
1 the form

ity o P e
[ this equation

P PL A
which 15 the average recelved optical powser 1n the abseace of
modulation. 1.e. 1t 15 the power when =0t cgquals zero.

The quantity hit) represents the (ocaled) wum of the cugnsl
shot roise, the dark current norse, the =sIfess nwisee asseclated
with detector gain and the noise of subiceauent electronice. Ihe
mean wvalue of nit) will he zera 2id all botr orne of 1ts components
zan be realistically madeled as stationary white nolses.

The evception 1s the shot noise generated by vy, (L) whichy n
general, will be time varying with a correlation function

Roct,tty = 1 h_v><1 + ks (t)> Sttty P9

k2\p

where hy is the energy of a photon at the optical wavelength of
operation. This noise can be thought of as & non-stationary
white noise. However, 1f k 1is small. as 1t should be to i1nsure
that the system remains gquantum limited, *he correlation function
of Equation 2.9 reduces to the corvelation function of a station-

ary white noise with a bilateral power spectral density of
L(a)-
b2\hv

We will assume “hat k 1s small enouqr for the above reduc-
tion to be valid. Then n(t) is a stationa v white noi1se with a

(bilateral) power spectral density of

Mo = 1_Jhv + N,
2 k210 =8

~ers N, denotes the power spectra:. density contrabuted bo i !
/5
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the noi1ses other than the signal generated shot noise.

Egquations 2.2, 2.7 and 2.10 allow us to model the syster ¥
Fiqure 2.1 by the reduced system shown in Figure 2.2. This model
will be used to determine the performance that can be achieved by

the system for an 1ntended user.

s(t)=lFcos{Snfot + h{t)*ultr*Xx(t))

T A
X(t)—“[_ ;}—— —————— > ()~ e ———— XUt
. s{t) 1 it
Fi1 net) i
XTR REC
X(t) = ©
X2(t: = 1 nity = QO
PSD Xtt)y: S . (w) PSD ntt): N, =Ji_hv = _V_})
2 2 ap.J
P, Uptical Power Recelved when st} = 0

REDUCED ™MODEL FOR SYSTEM USER.

FIGURE 2.2: N
TO INTRUDER WHEN P, 1S REPLACED BY [P~

ALSO APPLIES

For amn 1ntruder the system model differs from Figure .2 oni 3¢

that the amount 2f power received will be smallerv tharm tHhze
receitved bv the 1ntended user, 1.e. rather than b, 1t will ne [b
where 7/i5 lees than one, Taking ttiat change 1nto account.

Figure 2.2 alsc can be used as a system model for an 1oty ool

The FiM, or more generally angle mcdulation, syster Teoco 1hen
by Figure 2.2 has been the subject of innumerabile .ovestigati1ons,
We will draw heasi1d. vpon the results of those 1nvestigQaetic s T
determine the per formance that the 1ntended user car achira.o i th
the system ot Fiawe .1 fram which Figure J.¢ was de-rved. Hoe -

ever, firat we must specity the recerver that 15 Lo e empl_ - ed

in taigure 2.
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2.3 RECEIVEP 3TRUCTURE

The recerver can be 1mplementen with crther o CLavvent 1oma:
trequency discriminator or a phase tolbea loop (Fly combined
with appropriate filtering. The perf v oance of thece two 1mple-

itoe horse ratpo

W

nertations 15 1dentical when the rece: ror a1
15 large enaugh. However « Yoy emalles sigaal “n nvorwe ratioe,

tre recelver eaploying a PlLL performs e bkt o0 does ornie

sapleyivg a conventional disarimioastor . Fhase e Pl ece, e e
the becter Sf 1the two and ve will v o vrzte ipar 1t Howe oor
tor purposes of caomparison, =ome oL it Ty A2 i cor Tmaa ten
tazeld receiver w1 il b mresented o SeTtaros G
S o A
R A I L o € RN I B R L0t
I (| | oo J
I
t
- i I‘l\
- R vuj‘ I

Flgure 2.23: LINEARIZED PECE TWER MODEL

The PLL stiruycture to be consayder @d v ctagwn 10 Foigure &3,
W=y tre s1gral to nolse ratio s large ooought for thae TRcoy e
vk owell--as 1t must for thee antende s aser c-1ts opey ation e
Jescrioed by a lirnearized model. tmen the recerver fliters a o
proper i, chosen the output saignal 2 nNol1se ratio, which 1 the
reciproca ot e normalized mearn square error 1n the receilver’s

sutput thern becomes”

) o) .
(GNRYu = oo L - ! L
-® &N Low 2P 9, i jHG e
I )2

[ writing this expression, the reser.m 1 lters nave been
allowrd 1mplicitly "o be non-Tausal. Ihe pertormante given Ly
the eguation can be aprroached as ¢ iaaely as Jdesir=d by employrng
rausatl foiters with a deiay to app c-imate s he tohiae o ac hye e
sith o the non-caucal tilter

T a tairst approrimation the Limeas o o mod 2]y aat hen o

TS S A RIS S B S 1 Alrcl whe o s Vet Shmate ] L e
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hit)®¥u(t)i*si{t) where 6(t) 15 the integral of the gquantit, -+ '
which drives the VCO 1n Figure 2.3. More precisely, the modgel
will be valid if the mean squared value of the difference between

these quantities is less than a critical threshcld, i.e.

Bt — hR(t)*u(t)#s(t)I2 < g.2 2.12

When this condition is not satisfied, th= PLL cannot maintain
lock. 1The value of ¢.2 1s subject to debate but a value of 0.25
is often usea.

The left-hand member of Equation 2.12 can be expressed in
terms of the system parameters”. When this i1is dorne the threshold

condition that must be satisfied for Equation 2.11 to be valid

hecomes
R A o
N, f dwiln 1 + 2B, S, (w)|H(w je <ok 2.1
2P, J-o 2n N.. w? J

Little theoretical knowledge concerning the receiver’s
rerformance 1€ available when this threshold concition 1s oot
satisfied.

Equations @.11 and P.13 will be used in Section 2 to
determine the sy/=tem perfarmance. Two choices of the pre-
emphasis filter. FHrwr, will be of 1nterest there. The first 195

tha* which yields <t a1g9ht FM, 1.8,

n
b

Mo dy
AL
The second 15 thiat which yields optimum angle me aratiov
(UAM) in that 1t ma-1mices the ucer putput signal! to vasee ratic
subject to a constrairnt on the RMS bandwidth ot the amodulated
signal sty In thas anstance HOw 1s chosen to ma-rmire b 2tro
<01l Lub et N o costraint an the value of btqguation o.«b. To
tarilitate cumpa oo ot the FMoand OANM results. the aliesr o rro
barndwidtn constrarat w11l be denouted by d, 'm. Thus tte oo
etrained optimiTtation roblem hecomes
1

ARy § l [ AL ! KR
|
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ect to the constraint

s i g 8. (1.)A‘H((d)‘:\l|r.' Coody I
}J—m on f i -
UY course tne solutionn to thae ;o obles 1o <agra bt ant oont

when the maximizing Hiw) satistfies thae th eshoid condilion ot
Equat:on 2.13. bihen 1t does not. Ltne bhardaidth constralat o=
arimportart and BEquation £.13 shouwld e mo dal cedd D b @gly e v
to the reguirement that the threshasio cordition ot Eguatico
e sat.=fieg.

vie nocte 1n passing that mavy (altt-cugh not ally of tne

“~ecglts tn Le preeented 10 the rext soction arse Contarcsd g

—

Thapters 4 oand 5 of referzrnce 4. Unforiusatelys tloae Chante

tantain @ cumber of typegraphical srvrocs that nake then divfaiolt

f

for the uninitiated to tollow. Thecetsv.mo mome of the anmalyse:

cantained there will be presented here for completeness,

3. AUALYSIS OF USER PERFDRMANCE

The general performance expressior:s of Gection & will now

it

3

zaluated for scocme representative messaqe [ower <spectral denai -

ti1es. Since the resultse vary appreclably with the hagh fregquency

roll-off rate of the spectrum. three different families of spe

tra with significantly different roll-oft rates have been chnosern.

hey are descraibed 1n Section 3.1. Aall of them have beern normat -

1zed to have unit power and hence satisty Eguation 2.1,

In the subcequent three sections e si1gnal ta vorse vati1an
of the AM z2ystem will be determined for =zacnh of these thy we
families. for two of them the performanvce of the straight (0

also wiil be determined.

4.1 IHE_PEPRESENTATIVE MESSAGE GPELIRA

The first message spectrum tu be conaiderod 1 the booadias
1ted white one defi1oaed as
A pof o @

5 twy - =W

I l.,|| EE
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where here, and 1n the sequel,
2 = 2nl 3.2 .

This spectra represents an extreme in that the frequency roll-otf
1s abrupt.

A second power spectral density of interest 1s the Gaussian
shaped one defined as

S, (w) = 1 exp-1/2 <g‘2
wfew Q

19
W

Although its roll-noft 1s not as rapid as is that of Equaticy 3.1,
1t 1s sti1ll far faster than that of many spectra.
The Butterworth spectrum

S.tw) = 2n sin(np/2n) CI
O 1 + (w/Q)2:

has been chosen to represent the slaower roll-off that 15 some-
times encounter ed., In fact, 1t can be used to regresert a bvroad
variety of roll-off rates by varying the parameter n. Tre
fastest roull-off ate i1s obtsined by letting n approach 1nfinity.
Then trhe Butterworth spectrum approaches the bandlimited spectrum
of Equation 3.1. The slowest voll-off rate is obtained by set-
ting n equal to one which yields the first order Butterwortn
spectrum., In this report only the first order Buttecrworth

spectrum will be concrdered.

3.2 BAMD-LIMITED WHITE MESSAGE SPLTTRA

For straight FM

Hew) = oqa, .2
fatrodur ing Pguation S0 and 2300 1nto Eguation <11 ang evaluat
1Ing the 1ntegral yaielde the following expm ousion froo the o tenced
user s outhut si1gnal *o noise ratic when the FM threshcola e .

erceceded.

(SNR) 1L = 1 1 tan /g_) MG, ‘ .6
VN T \d, / ypP
(avNP

d./

tor the performance tu be satistfactory this si1onal te rolee a3t

muLt be larqge. fhes tguation 1.6 becon2s appro- cmatoely
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(SNRY)u = 3 P <QL>2 3.7
N.W \Q

Egquation 3.7 is valid only when the system 1s above the FM
threshold. Fors the system at hand, that threshold 15 given by
Equation 2.13s 1n combinaticn with Eguatiuve 3.1 and 3 9. The.
result 1s

NWHIn|l v [deN2 P 1+ @ dy T ran S"U‘kll(’fv 2 3.8

P, N2 N..W €ONRL W de\F,

The argument that allowed ELquatiur 3.5 to be approximated by

ttquetiaon 3.7 1mplies that Equation 3.8 1s given agprurimatel.

. 3
MW |2 + In d.-\)2 P, | < a, AL
= 1% Nt :

which can also be written as

- -

d, < L exp 1/2 |g 20 - 2 310
Q JP /N WY L D]

When the system 15 operated at the FM threshold, so that
Equation 3.10 15 satisfied with equality, the output sigrnal to
rnorse 1atio of Equation 3.7 1=

(SNRYu = 3 exp| g,27, - E] 3.1

To determine the performance improvement that can be
achieved through pre-emphasis the constrained maximization prob-
lem described by Equation 2.15 and 2.16 must be solved for the
message spectrum of Equation 3.1. For that soectrum those

equations become

193
max f g 1 3.12
Hef) ) o @ 1+ BL | [H(w) |2
N... W W
and
Q
J dw |H(m)|2 < de2 3.13

For the signal to noise ratios of interest here, Eguation

2.12 15 maximized when™

o
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I

(R~-Ww) W H ’m’ <
]H(m)l2 = P, 3.14

[s]

Iml > Q
where

gi> > Q 3.15
Q

w
/ﬁ

As suggested by equation 3.13, the solution is only valid when @
exceeds (1—--a requirement that 15 consistent with our interest 1in
ltarge signal to noise ratios.

Upon combining Equations 3.12, 3.14 and 3.13 and evaluating
the i1ntegrals one obtains the tollowing expression for the autput
signal to noise ratioc of the 0AM system

(SNR)u = 4 + 4F, . <g¢>2 ~ 4P <QL>2
3 N..W Q N. W

%]
—
31

Of course, Equation 3.16 i1s only valid when the signal to
noise ratio is large enough to maintain loop lock, 1.e. large
enough to satisfy the constraint condition of Equation 2.13. For
the message spectra and pre-emphasis fllter being considered here
that condition becomes

PoWf Lo+ 1n/5> 1+ 3P <_L\2] < a2 3.17

P, \3 NWAG

Ffor large signal to noise ratios the co dition is given approxi-

mately by
B In 4B, (gL 2 £oa. 2 2.8
P, MW NG
Equatian 3.18 determines the largest value 1t d, that s

useful, i.e. the value such that the system i1s operating at the
threshold. When that threshold value of bandwidth 15 used the
signal to noise ratio of the UAM system becomes

(GNRYu = exp /cr 3.19

2PN
Sy

3.3 GAUSSIAN SHAPED MESSAGE SPECTRA

For the Gaussi1an shaped essage spectra given by bLgustion
3.3 only the performance of the OAM system will be determined.

The fact that this spectral dencity 1s strictly monotomically

¥
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decreasing for positive frequencies can be used to significantly
s1mplify the maximization problem defined by Equation 2.195 and

2.16. In particular, when the bandwidth constraint d. is not too

large’.
’ (IR .3 @
(SNRJu = L:—__’_,]S.l(r.n_(»_)_ J‘ lw2S (w7 duw « 2¢ Sxiwige i 3.0
L% 0 2 JM* 2w

where the value of the parameter w*¥ is determined from the

erxpression
G}
i TMW - W W dw = P, d? 3.21
o L S we) 2n M,

As d, 1ncreases the point will be reached where the pre-
emphasis filter that maximizes Equation 2.15 subject to the band-
m1dth constraint of Equation 2.16 will not zatisfy the threshold
condition given by Equation 2.13. Then the filter should be
chosen to maximize Equation 2.15 subject to the constraint that
Equation 2.13 be satisfied. The solution to that problem can be

cast in the following form when S,.(w) 15 monotonically decreasing

for positive frequencies.™H "™/ . Livsa
@
(SiR)Iu = WS, (w*e) + EJ S, fw) dw ' 3.22
b 1% cn
where w* is determined from the equation
(0¥
.2 = Ng J‘ dw In | S, (W) 3.3
P,. Jo 2mu S, (we)

We first consider the situation governed by Equations 3.20
and 3.21. Introducing Equation 3.3 inta them and evaluating the

integrals yields

C=1/74(wk/Q)2 =-1/2(wx/Q) 2

(SNR)u = EF S_)_'e - e + ao(L-»i) 3.4

mo oW L (¢}
and ‘

2 wel -1 - 1 ‘_-1*‘)2 + expl/«(gi)? =P <d_ﬁ>2 3.25

Q2 6\ N Q N W\Q

mhere
83
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e
n
o

uiy) 4 f dX exp-%Xz
Y

For the situations of interest here, the sigral to noise
ratio 1s large which implies that wx is large. Then Eguations

3.24 and 3.25 become approximately

(SNR)u = E(&i>EXp<2:*_)2 3.27
2\2Q 2q
and
(u)exp"@:)? =P (g;)? 3.28
2a ER N.W\Q

Combining these two equations yields

(SNR)u = EL(Q_-:-_>2
Ja N WAQ

For large values of the bandwidth constraint. d,. the cutput

[¥8
j20]
-3

signal to noise ratio is determined from Equations 3.22 and 3.25.
When the expression of Equation 3.3 for the message spectra 1g

introduced into Equation 3.22 one obtains

4 wr )t
(SNR)uU = Jé_‘ we e \Q + E’D(ﬁ) ' 3.30
TR Q

which can be approximated by

(SNR)u = [m exp % (/)2 3.31
2 (/) + (/)
Introducing Equation 3.3 into Equution 2.23 yields the cllowing

exproession which determines the value of O+,

N,.,w('_ni)" 3.2¢
Q

Crf?::_l_
3 P,

These last two eqguations can be combined to obtain

(SNR)Yu = M explbl2) #.332a
a2+ 2
where
< s 30. 2 B, v 3.225
N, b
the value of the constraint d. for which the si1g.03l Lo roie @
&4
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ratio changes from Equation 3.29 to 3.33 1 determined bv
equating the two exf "essions and <0l 203 for d.. The result 15

dy =] 30,2 expl4Z?) v 3.34%
5. (22 + 1)2°2

3.4 FIRST ORDER BUTTERWCORTH SPECTRUM

The performance of FM, as well as UAM, will be determined
for the first order Butterworth spectrum ‘hat s given by
Equation 3.4 when n 1s set to one.

For that spectrum the signal to rnoise vatio of an FM systlom
operation aboze threshold is, frcm Equations 2.11 and 2.14.
§de P |

(SNRYu = 1 + _&_(g;) P e '
J2T Q0 N, b T MW

The right-most approximation in this excression i1s valid for the

J
[
i

114

large signal toc noise ratios that are of 1rnteorest 1o this work.,
Equation 3.3% i1s valid when the tireshold condition of Equa-
tion 2.13 1s satisfied. For the probliem at hand that cond:ition

can he shown to be™

LW -1 + ] 1+ a[g{gi) P, A - 3.36
P, T\Q N, W

For large signal to noise ratios 1t 13 approximately given by

ﬁ
L]

(gL)'«~<enN,w)“/“ & 0.2 3.37
Q P

When the system is operating at the FM threshold, so that
EFquation 3.37 is satisfied with equality, the =signrnal to noise
ratio approximetion of Equation 3.35 becomes

(SNR)Yu = g 2 P, BT

—aen

m N.W

The performance of the 0AM system for the first ovder
Butterworth message spectrum can be determined from EqQuations
3.20 through 3.23 which are valid wher the message spectrum 15
monotone for positive frequencies.

When the bandwidth constraint of Egquatian 3.21. 1n fact.
constraintse the system perfarmance the signal to noise ratio e
31 7/en by Equation 3.20. Fov the first order Butterwurth message

spectrum those equations can be reduced to

35
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IR

(SNR)u Q (Q/w*) + 1 -~ tan-t wx| 3.39

L2 S n
<m*) 31+(m*/0)2 2 Q

and

+

2 w:) (‘;’i)‘(i".’i) il + (ut)? = _L_<.d_n>2 3.40
§<Q Q Q Q N WA\Q

If the signal to noise ratio i1s to be large, w#/{ must be large

and Equations 3.3%9 and 3.40 can be approximated by

(SNR)u = 1 W 3.41
4 Q
and
@_(ﬂ)’ P =) <L>2 3.42
3\ N W\
Combining these last two equations yields
(SNRYu = w 3P, (g,_)z oo 3.43
4 2 [N W2

Equation 3.43 gives the signal to noise ratio of the 0OAM system
when d, 18 small enough that the bandwidth constraint rathsr- than
the threshold constraint is dominate.

When the threshold constraint is dominate the signal to
noise ratio is determined by Egquations 3.22 and 3.23. For the
first order Butterworth message spectrum these equations can be

reduced to™

(SNRIu = ¢ (Wx/Q) + 71— tan ' wx| 3.44
Sy Cue/)2 + 1 2 Q
and
W% — tan ' wx = g, 2 P d4.495
Q ¥ 2N W

As before, 1f the s1gnal to noise ratio is to be large wx/¢

must be large. Then

(SNR)Yu = 11 W 3.46
4 Q
and
wx % g, 2_P 3.4
Q 2N, W

Combining these two erpressions ylelds
36
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(SNR)Yu = ag. 2 P 3.48

v
8 N W

A comparison of Equations 3.43 and 3.48 shous that they will

e egual when

dp = .. P 3.49
Q J12 N.W

fFor values of d,/Q less than this value the signal to noise ratic
is given by EqQuation 3.43 and the 0AM system 1s operating above
threshold. For larger values the svatem 13 operating at thresn-

cld arnd the signal to noise ratio is g:iven by EQuation 3.48.
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J. Kierstead

A. INTRODUCTION

The Air Force has a high interest in nonlinear optical materials and
devices. Research at the Solid State Services Division is centered around
the development of efficient, high speed nonlinear optical materials that
operate at relatively low laser intensities. Both photorefractive and
resonant nonlinear optical interactions are being studied. Resonant
interactions are the most promising, but have been difficult to study in
detail because of broadening mechanisms that are present in most materials;
for example, crystal fields in solids, and collisions in vapors. To
eliminate these complications the nonlinear optical properties of an atomic
beam will be studied. This will enable a systematic investigation, both
experimental and theoretical, of the physics of resonant nonlinear optical
interactions. Such studies are ultimately expected to result in the
development of greatly improved low power nonlinear optical materials and
devices, which will have applications in optical computing and sptical

signal processing.

Consulting efforts during this reporting period were directed toward
the design and fabrication of the atomic beams to be used in the nonlinear
opiical studies. These atomic beams must be compact enough to easily fit
on an optical table, yet have good optical quality window, a long lifetime,
and srfficient throughput to achieve over 50% absorption of a resonant

laser beam.
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B. EXPERIMENTAL PROCEDURE

The basic atomic beam design is shown in Fig. 1. The interaction
region consists of a section of steel waveguide with knife-edge vacuum
flanges welded to both ends. Holes are drilled at various locations in the
waveguide, as shown, to admit laser light and to facilitate fluorescence
detection. To maintain a high vacuum, these holes ere covered with windows

of good optical quality, having anti-reflection coatings.

A key design consideration is the technique for mounting these windows
in a stress free manner so that no birefringence will be introduced.
Commercial vacuum windows have an unacceptable amount of stress induced
birefringence. The technique chosen hers is to mount the windows in a O-
ring sandwich as shown in Fig. 2. This geometry ensures that no sheer
forces are present. To simplify fabrication, O-ring grooves are not used.
Rather, the waveguide surface is polished to remove visible scratches as
shown in Fig. 3 and a thin aluminum bushing is inserted into the hole in

the waveguide, Fig. 4(a), to provide support for the vacuum side O-ring.

The O-rings sandwich is compressed using pressure plates bolted to an
aluminum superstructure, which in turn is clamped onto the waveguide, as
shown in Fig. 4(b). The O-ring pressure plates are of two types as
illustrated by the drawings for Fig. 5. Type A has a tapered hole which
allows either wide angle laser illumination or wide angle fluorescence
collection. Type B has a threaded hole and acts as a light baffle to
reduce the amount of room light which enters the atomic beam apparatus. for

experimental flexibility, each interaction region port is equipped with

-
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Fig. 2. (Top) Schematic drawing of O-ring Sandwich.
(Bottom) Photo of O-ring sandwich.
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both types of pressure plates. In preliminary experiments the laser beam

was steered through the threaded plates and the fluorescence was collected

using a sensitive detector mounted to one of the tapered plates. Finally,

to reduce scattered light, all aluminum surfaces are black anodized.

To maintain a low background gas pressure during operation of the
atomic beam, each interaction port is supplied with a separate graphite
getter, as shown in Fig. 6. Without this getter the background gas
generated by the atomic beam would lead to collisions and limit the
usefulness of the apparatus for fundamental studies. As shown in the
figure, the graphite getter has holes bored along all three axes. The size
of the hole along the atomic beam axis determines its collimation, via
geometry. The other holes are matched to the size of the holes in the

waveguide.

The atomic beam source consists of a porous metal rod inserted in a
stainless tube, shown in fig. 1; which in turn is welded to a knife-edge
vacuum flange. The porous metal rod is bored with a 2 mm dia. hole and
serves as a recirculating heat pipe oven. In operation, the front section
of the porous metal (nearest the interaction region) is kept just above the
melting point of the atomic beam material, while the rear section is heated
to a high temperature. Material not travelling along the axis of the
porous metal sticks to the cold section and is returned to the hot end by
capillary action. This recirculating oven design permits both a high
throughput with a low source consumption. So far, two materials have been

used : sodium and cesium. These materials were chosen because of their
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Fig. 6. Photo showing graphite getter
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large resonant optical absoirption and relative ease of handling.

C. ASSEMBLY PROCEDURE

Several of the components of the atomic beam must be pre-baked under
vacuum to remove contaminants. In particular, the porous metal must be
baked at a temperature of 700 °C in the case of the porous bronze or
1100 ©°C for porous stainless. Porous bronze is the preferred material for
use with Cs because its lower pre-bake temperature and better malleability
simplifies oven assembly. Porous stainless, however, must be used for Na
becuase of its ability to withstand the higher operating temperatures
required. In addition to the porous metal, the anodized O-ring bushings
are pre-baked to 400 °C and the graphite is pre-baked by the manufacturer
to about 600 °C.

The interaction region and oven sections are first assembled separately
and are then bolted together using the knife-edge vacuum flanges, where a
double sided flange is also sandwiched in between, as shown in Fig. 1.
This double sided flange has two pumping ports: one consisting of an ion
pump and the othar of either a valve or copper pinch tube, which can be
connected to a larger capacity vacuum system during bake out. To complete
the assembly, an ampoule section is bolted to the rear of the porous metal

oven. This section contains a commercially available Na or Cs ampoule.
The complete atomic beam assembly is given a final baked out at 300 °C

to remove surface moisture. After cooling to room temperature the ampoule

is then broken its contents are driven over to the porous metal by heating.
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D. RESULTS

A cesium beam and a sodium beam have been fabricated so far. The
sodium beam has 5 ports in the interaction region with a total interaction
length of 1 meter. An ultimate pressure of 2 X 1070 was achieved, which
translates into a mean free path of greater than 10 meters. Measurements
made so far with a dye laser verify the absence of collisions out to about
30 cm from the oven. This Na beam can be operated at a maximum temperature
of 450 degrees. At higher temperatures, a contaminant in the porous
stainless steel causes an increase in background gas pressure. This
contaminant could have been removed by baking at 1100 °C, but was not

discovered until after this oven was assembled.

The cesium beam is more compact, having a total length of 20 cm and an
ultimate pressure of 5 X 1077, Measurements made with a semiconductor
laser verify the absence of collisions over the full 20 cm length.
Detailed throughput vs. temperature measurements have not yet been made
because of problems with the semiconductor lasers used to excite this

atomic beam.

At present, the residual background pressure results from permeability
and outgassing of the (Viton) O-rings. Current plans are to test Viton O-
rings of square cross section and to test silver plated stainless O-rings.

Kalrez O-rings have also been tried but were found to leak after bake out.
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E. CONCLUSIONS

Preliminary tests have been successful. The atomic beam is compact,
has good optical quality windows and a large mean free path during
operation. Throughput is not achieved it may be necessary to employ a
supersonic oven design. Once sufficient throughput has been achieved to
demonstrate greater than 507 absorption, nonlinear optical studies can

begin.
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OPTICAL SIGNAL PROCESSING

IN

NONLINEAR POLYMERS

AND OTHER MATERIALS

ANNUAL REPORT

By:
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L INTRODUCTION

In recent years there has been a renewed interest in optical signal processing
devices and optical computing. In this report the requirements of nonlinear
optical materials are discussed and fundamental nimits are derived. Oof
particular interest are a new class of materials based on nonlincar optical
effects in polymers. These materials show large optical nonlinearity, have a
very fast response time, and have the po.ential for low cost mass produced
integrated optical devices. Finally, in this; report the application of nonlinear
four wave mixing in nonlinear polymeis to optical logic and switching is

investigated.

O. ELECTRONIC PROCESSING

Until recently the development cf computers has been dominated by serial
processing.  With this method arithmetic and logic functions are performed in
a central processing unit (CPU) and programs are stored in a separate memory
(random ~access memory; RAM). These machines thus evaluate a problem
scquentially. A difficulty with such a design is that the communication
channel between the CPU and RAM limits the computer speed. This is often
called the Vom Neumann bottleneck. To eliminate the bottleneck, researchers
are now developing parallel processing, so that several operations are carried
out simultaneously rather than sequentially. Current supercomputers all

incorporate some degree of parallelism -—- typically fewer than 100 parallel

channels although Thinking Machines has demonstrated 64,000 channels.

Current supercomputers offer bit rates of = 1010 bis per second and future
machines with up (o 1012 bits per second .cem feasible. The next generation
of machines will require considerabie rethinking of conventional computer
architectures, and there s an increasing (rcnd to optimize machines for

specific application rather than for general —purpose computing.

Electionic solutions to increased speed face fundamental [limitations. This
transfer time limit in a compuier system can have scrious consequences as
clock cycle times and puise widths shrink. The signals (rom different parts of

the system can arrive at a gate at different times (clock slew). In most
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computer systems the wusual appro.ch is to wait for inputs to settie before

using the output of a gate. The scttling time is normally RC time constant

downinated, yet VLSI technology does not sclve this problem. As the length of -
a wire shrinks by a factor of X and the cross section is reduced by Xz, the
capacitance of the wire d...eases by a factor of X, but the resistance
increases by a factor of X. The RC time constant remains constant and the

input charging time remains the same, independent of scaling.

In futurs genecrations of machines, optical processing will likely play a role.
The potential of optics for information processing and memory has been

rcalized for many ycars.1

For example, a diffraction-limited optical image can
contain ~108 bits of information per square centimeter. Large amounts of
information can be processed simultaneously in relativeiy small volumes, free of
interference from other electromagnetic waves. In addition, wireless
interconnection with non-interfering beams greatly facilitates the design of
interconnections between submodules. Certain functions can be performed with
simple linear optics, for instance, performing a Fourier transform with a lens.
However, for any more general processing function with switches and digital

design one requires an optical nonlinearity.

III. NONLINEAR INTERACTIONS OF LIGHT

In all-optical processing one light beam or pulse is used to control a second
signal beam or pulse. Since, photons do not directly interact with each other,
an optical medium is required ir which an optical property, such as the
refractive index n or absorption cuefficient «, is changed by the »ropagatior
of a light beam in the medium. A nonlinear refractive index n2 can be
defined by

n = ny + nzI (1

and a nonlin~ar absorption coefficient ay by

a = ay + agl (2)
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Here ny is the linear index of refraction, «j the linear absorption coefficient
and [ the beam irradiance. In such a medium, the presence of one light beam
affects the propagation of a second light beam. For example 1the optical
absorption changes by an amount Ax = a3l in the presence of light of intensity
I, and the intensity of the transmitted beam varies. Also, for a change of
refractive index 4n = n)l, the phase of the transmitted signal varies. A phase
change can be converted to an intensity change by using polarizers, by
holographic techniques, or by placing the medium within a Fabry-Perot or
Mach Zchader interferometer. Most of the research to date has made primary
us¢ of the nonlinear index nj rather tham aj. However, recent work with the
nonlinear absorption in quantum well  semiconductor  structures has

demonstrated optical switching.

One should emphasize that the nonlinear index or absorption alone is not the
most uscful characteristic of a material for optical processing. A useful basis
for comparison of different materials is the optical energy required to process
a bit of information. This quantity depends not only on nj but also on the
wavelength of light in the medium and the response time of the medium, that

is, the rate at which the index changes in response to the incoming radiation.

IV. OPTICAL SWITCHING

Considerable prejudice has developed against the use of optics for computing

because of the following problems and alternate available technology.
1) The rapid growth of electronic digital integrated circuit technology.

2) The minimum size of an optical switching clement is (X/n)3, where A is

the wavelength of light

3) The photon energy hv is much larger than the thermal energy kT.

4) Optical nonlinearitics arc typically small.
5) Proposed optical switches have often been two terminal devices.
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——\_._i



porke mathematicol laborarories, inc
Ml corlisie, mossochuserts « 01741

These basic problems imply large switching volumes with accordingly long
propagation delay times between switching elements, znd high heat dissipation.
Detailed ecvaluations of these limitations have been made by resecarchers at
IBM.!  Additional limitations on switching are also discussed in Section VII of

this report.

These basic problems have not, of course, changed. However, there have been
several developments of importance which have stimulated a2 new look at the

role of optics in information processing.

1) New materials such as nonlinear polymers and new nonlinear mechanisms

have been discovered which have larger optical nonlinearnies.

2) Mode~locked lasers are now readily available which deliver optical pulses
of a few femtoseconds duration. These short, intense pulses should
permit subpicosecond switching operations.

3) Fiber optics and integrated optics are available which permit the
transmission and switching of very bhigh bandwidih (>>1010 Hz)

information channels.
4) The limitations of serial electronic processing have been realized.

Consequently, a necar-~term goal of optical processing is to use the capabilities
of optics that are not readily achieved with eclectronics. This is particularly
pertinent for both image processing and fiber-optic commuaicaticas, where the
information is already being carried on optical beams. To achieve this goal,
the development of appropriate materials is essential. The important material

parameters for all applications are:
1) Cost and ease of crystal growth.

2) The magnitude of the nonlincarity and the energy required to change a or

n by the required amount
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3) The material response time —- that is, the speed with which n or « can
be changed.
4) The optical quality of the material and its resistance to optical damage.

V. MATERIAL RESPONSE TIME

For serial processing, the main potential advartage of optics is ultrahigh speed.
Since femtosecond optizal pulses are available, it is desirable to have materials
which respoad con a subpicosecond time scale. The peak intensity of such an
optical pulse can be very high even though the pulse energy is low. To avoid
excessive transit time delays, such processing can be done in a pipeline mode,
that is, with several optical pulses propagating in a transmission line
simultancously. A serial processor capable of processing 1012 bits per second
would appear to be a reasonable goal, in view of the potential of competing
electronic technology. The only nonlinear mechanism that is known to respond
on a picosecond or shorter time scale is the nonresonant electronic Kerr
effect. This effect arises in traasparent materials because of the nonlinear
polarizability of a material due to the instantaneous action of the electric field
of the light on its valence electrons. Nonresonant electronic Kerr
nonlinearities are very usually weak, and high optical intensities are required
to produce a significant index change. In addition to electronic cffects,
nonresonant Kerr effects can also be observed in transparent liquids containing
anisotropic molecules that are partially aligned in the optical field, however
the response time of the medium is increased typically to 10710 o 10-12
second because of the time required to rcorient the molecules. It is feasibie
that materials having resonant nonlinear optical effects which involve optical
absorption may be developed with picosecond response times and much larger
nonlinearities, but these have not yet been demonstrated. Resonant

nonlinearities are discussed in the next section.
The response time requirement of materials can be greatly relaxed il one turns

to parallel processing. For the same throughput of a processor, the recquired

material response time is increased by the number of paralle! channels, that is,
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Maximum bit rate = (number of parallel channels ) x (material response time)

For diffraction~limited optics with 18 bukem? a simple argument suggests .

that a material response time of ~10~* second would be adcquate for a rate of

1012 bits per second with a 1-cm?

nonlinear clement. Long response times .
may cven perform some memory functions. A much broader range of materials
are available for optical processing on longer time scales. All of these effects

involve absorption of the incident light:

1) The resonant Kerr effect with 10712 < ¢ < 1073 second,

2) The photorefractive effect with 10710 < ¢ < 10*8 seconds, and
3) Electroabsorption with 10710 < ¢ < 10~% second,

where t is the material response time. These ranges arec estimates based on
currently available information. In the following sections, these various
mechanisms for nonlinear index and absorption changes are discussed in more
detail. The wuse of resonant effects may, however, produce undesired

complications such as tempecrature or wavelength sensitivity.

V1. E OF NO
A. troduction

Since the change of refractive index An or absorptior A« is propor‘ional to the
intensity of the input beam, the smaller the area corresponding to a singie bit,
the less optical energy is required for a switching operation. But there is a
penalty for decreasing the focal spot size. This penalty is due to diffraction
as shown in Figure 1. The confocal parameter (the effective interaction length .
L of the beam in the material) decreases in proportion to the area of the focal

spot, that is,

L = &)
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where D is the diameter of the beam waist a1t the focus and X is the
wavelength of light. For a 1 um? spot size and n = ], the interaction length
is only 3 um. This distance is too short to achieve a significant phase change

¢ (=mAnL/\) for most situations.

nnD 2
2N

Figure 1. Cross Section of A Focused Optical Beam Showing the Effect of
Diffraction
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For ¢ ~ = the required index change is An ~ 03! Therefore, either the focal
spot must be increased with correspondingly increased energy requirements, or
a guided wave structure (for serial processors) or holographic techniques (for
parallel processors) which overcome the effects of diffraction must be used.
With the latter techniques, phase changes of w are achievable with “l—ymz bit

cross sections and long interaction lengths.

As mentioned above, a useful parameter for compariag the magnitude of the
nonlinearity of materials is the energy required to switch or process a bit of
information. For changes of refractive index, the transmission (neglecting

reflection losses) of a material between crossed polarizers is

[t

T e~¥dsinZy (€3]

or the diffraction efficiency of a thick phase hologram is
ny, = e"%sinign )

where a is the optical absorption coefficient and d is the optical path length
in the material. Thus, a phase change of ¢ = m gives maximum contrast for
the processing operation, that is, the change of diffracted power between the
control beam on and off (@ = =2 fcr maximum transmission in Equation 4).
Values of ¢ << m can be tolerated in many situations, the minimum value being
determined by the tolerable signal~-to-—noise level, which is directly related to

the bit error rate.

For the mechanisms involving nonlinear refraction, it is possible to make some
general estimates of the minimum energy required for a phase change of = for

each class of nonlinearity.

The switching relation is

2rnyl R
A )

¢ =

Therefore
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I - A
2ny R M
A = wavelength
ny = nonlinear index
[ = optical power/areca
R = thickness of device.
The energy is
e =12 Toff
Teff = effective time (8)

B. Nonresonant Kerr Effect and Nonlinear Polymers

The clectronic Kerr effect is the fastest of all mechanisms for optical
processing. Because of the high speed, it responds to the instantaneous
intensity of an optical pulse. [t is now well established, both theoretically and
experimentally, that the nonlinear index nj is proportional to the density of
bonds in the material and the orientation of the bonds with respect to the
optical field, and depends critically on the degree of delocalization of electrons
in the bond. Materials with the highest known values of nj are highly
conjugated long-chain molecules such as polymerized diacetylenes whose
monomers have alternating single and triple boads: R-CsC~-C=C~R, where R is
an organic functional group.2 These solids have semiconductor character in
the direction of the polymer chains and insulator character perpendicular to it.
The components of the nonlinear polarizability of the polymer are some three
orders of magnitude larger than those of the monomers. A limit to the degree
of delocalization of the eclectrons is dictated by the required optical
transparency of the material. The electronic absorption edge Eg shifts 1o
longer wavelengths with increasing delocalization, that is, ny « Eg'(’_ The
nonlinear polymer polydiacetylene PTS ([bis(p—toluene sulfonate)] probably
represents the limiting case for operation at infrared wavelengths near 1.0um .}
Another polymer with large optical nonlinearity is trans-polyacetylenc. Table 1

shows the nonlinear index of this solid is large compared with that of
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inorganic solids such as SiO; and LiNbOj.  Nitroanilines, which more readily
grow in single crystal form, may be useful for some applications Also listed in
Table 1 are cxamples of semiconducting materials which have larger nonlinear
refractive indices at wavelengths in the infrared within the band gap of the
material. In n-type InSb the nonlinearity is a free—eclectron effect due to the
nonparabolicity of the conduction band. In GaAs, the ecffect is due to bound
electrons. It is seen in Table | that InSb has a particularly large noniinecar
index ny at a wavelength of 10 um. However, the diffraction—~limited bit size
at 10 pm is some 350 times f{arger than at 13 um, so that PTS requires less
power per bit for processing than [aSb. Another factor is that dectectors arc

less sensitive at the longer wavelength.

These materials all show very fast nonlinearities ~ 10~14 sec. In contrast to
the electronic Kerr effect, the molecular rotation Kerr ecffect depends on the
orientation of molecules in the electric field of the light. It is unlikely that
optical switching devices will be based on the molecular rotation effect.
However, far comparison, the ncnlincar index np of CSp is listed in Table I
Carbon disulfide has one of the largest values of n, in the visible spectrum

using molecular rotation.

TABLE 1. Nonresonant Nonlinearity nj at Specific Wavelengths

Material A n2
(um) (x1014 .mZ/W)

CS,y 0.69 8

PTS 1.32 1000
2-Methyl—4—~nitroaniline 132 170

GaAs 10 100

InSb 10 5000

Silica 1.0 0.06
LiNb®O3 1.0 -5

110




patke mothematical laboratories. inc
carhivle massachuserts - 0174)

K

C. Resonant Nonlinearities

The nonresonant effects such as in typical nonlinear polymers depend on the
response of a transparent material to the electric field of the light beam. As
the frequency of light approaches an electronic resonance, some of the optical
power is absorbed by the medium, causing a redistribution of the population
among the energy levels. As a result, the dispersion associated with the
absorption line is changed, giving rise to an intensitv~dependent index of
refraction. For light beams of constant intensity [, a nonlinear index ny can
still be defined according to Equation 1. However, the change of refractive
index persists for the duration of the electron in the excited state. Thus, for
a resonant nonlinearity the change of refractive index is integrated over the
excited state lifetime ©. [If the optical pulse length tp is short compared with
t, then the change of refractive index An depends on the absorbed energy

density afl tp/hv and not the instantaneous intensity L.

Because of . the integrating effect of the excited state, resonant nonlinearities
become encrgetically more favorable than noaresonant 2ffcCis tor longer pulses
and lower intensities. The largest effects are achieved for very sharp
absorpiion lines having a high oscillator strength such as those found in alkali
vapors or at exciton absorption lines in semiconductors. Several examples are

given in Table 2.

TABLE 2. Resonant Nonlinearities

Material A n? T
(um (cm?W) (sec)
CdS exciton 0.49 16 x 1079 2x 109
laSb 53 6 x 1073 3x 1077
GaAs (300K) 0.88 2 x 10~ 2x 1078
GaAs (MQW) 0.85 4x 1073 3x 1078
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The closer the optical frequency is to the optical absorption, the greater is
the change of refractive index for a given incident intensity. However,
maximum crystal length is limited by the absorption length, and it is necessary
to move away from the center of the absorption line to achieve sufficiently
large phase shifts. For example, excitons provide a very high density of
oscillators since excitons can be created up to a density comparable to the
inverse cube of the exciton diameter. Generally, exciton absorption lines are
well defined only at low temperatures. However, thin GaAs-GaAlAs mulitilayer
heterostructures (multiple quantum wells) exhibit sharp exciton absorption lines
even at room temperature. This is due to the increased confinement and
binding energy of the exciton within the thin layer structure. When light at a
wavelength just below the exciton peak was used an extremely large nonlinear

index ny was observed.

For device applications there are problems with resonant effects. The
nonlinear behavior of such materials varies rapidly with optical wavelength
because of .the sharpness of the absorption peak. Thus, it is essential that
both the optical waveleagth, and the temperature of the materials be precisely

controlled.

D. Photorefractive Effect

The photorefractive effect depends on the absorption of light in electro-optic
crystals, but in this case the absorption bands are typically very broad and
wavelength is non-critical. The effect is based on photoexcitation of free
carriers, which then diffuse or drift in an externally applied clectric ficld
away from the light beam to trapping sites. The resulting redistribution of
charge gives rise to space charge fields within the crystal in the iliuminated
regions. The space charge fields give rise to refractive index changes, through
the electro-optic effect, which replicate the incident intensity.  The induced
index change An persists for the duration of the space charge ficld, which can
vary from subnanosecond time scale in semiconductors to years in insulators.
The photorefractive effect can produce noniinear index changes An comparable
to Kerr cffects because the optically induced index change is not just a local

(atomic scale) change in polarizability but is due to the displacement of
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electrons and holes over a distance of micrometers. This large photoinduced
dipole gives rise to an amplification of the index change. A photorefractive
material can be viewed as having a built—in optical detector that generates an

electric field.

The photorefractive effect was originally discoveredd in LiNbO3 and soon after
was found to be generally present in other clectro-optic crystals. The larges:
nonlinecar index changes arec observed in materials such as ferroclectric BaTiOj
and Sry_xBayNb;O5 (SBN), that have extremely large electro-optic coefficients
rij, but the nature of the absorbing centers and traps in these materials is not
known. However, it has been shown® that the index change per absorbed
photon, thch is important for optical processing, depends primarily on the
photocarrier drift or diffusion length aand the ratio nisrij/‘jr where ¢ is the
dielectric constant.  This ratio is comparable in BiypSiOy3 InP, GaAs, CdTe
BaTiO3 and SBN. The values of nl-3r”- and ni3"ij/‘j for several photorefractive
materials are shown in Table 3.

TABLE 3. Photoretractive Materials and Properties

Useful Drift Relaxation Time
Matenal wavelength length 4 ni3ry; ni3ri/e;

range (um) (sec) (pm/{/) @mR/)J
InP 0.85-1.3 3 10~¢ 52 4.1
GaAs 08 —1.8 3 1074 43 33
LiNbO3 0.4 -0.7 <10—4 300 320 11
Bi135i0yg 0.4 -0.7 3 10° 82 18
SrpgBag4NbyOg 04 -0.6 10 2,460 4.0
BaTiO3 0.4 -0.9 0.1 10% 11,300 49
KNbO3 0.4 =07 0.3 10-3 690 14

The relaxation time tyq depends only on the dielectric relaxation time of the
material; in GaAs and InP this has been varied from the millisecond region 1o

the microsecond region by varying the clectronic conductivily. In insulators,
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the relaxation time is considerably longer. The minimum ecnergy per bit for
processing via the photorefractive effect is approximately | pJ for a I-um?2 bit
size. This is comparable to the resonant noalinear index in GaAs multilayer

structures.

Another property of the photorefractive effect that is wunique among all
mechanisms for nonlinear index change is the spatial phase shift between the
incident intensity pattern and the induced index which depends on the
direction of displacement of the photocarriers. In a holographic two-beam
mixing experiment, as exhibited in Figure 2, this gives rise to traasfer of
energy from onc beam to the other. A weak image beam can, in this way, be
amplified by mixing it with an intense pump beam (carrying no information).
Amplification factors of up to 100 have been achieved.” The photorefractive
effect  thus offers considerable versatility for  processing information,
particularly since the wavelength of operation is non-—critical and beams of one
wavelength can be used to control several other wavelengths. The effect has
been used both for holographic processing as shown in Figure 2, where the
transverse cleciro-optic cffect is employed, and for real image processing as
shown in Figure 3, where the longitudinal electro-optic effect is used. In the
latter case, the minimum bit size is approximately ecqual to the thickness of
the material. In the holographic case, the resolution is determined by the
spatial frequency of the hologram. The minimum energy requirements for each

mcchanism fo: phase change of 7 are summarized in Table 4.
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Table 4. Minimuin Epergy Per Bit For A Phase Change Of = Estimated For
Each Of The Nonlinear Mechanisms.

Material Nonlineur Mechanism A (um) t (sec) Energy (pJ/bit) .
PTS Nonresonant Kerr 13 10— 02ty x 1012

Gaas (MQW) Resonant Kerr 0.85 2x 1078 1

IaSbH Kkesonant Kerr $3 3x 10”7 10

Bi|2Si07g Photorefractive 0.6 | 10° (dark) 1

InP Photorefractive 0.35-13 10-4~10—% 1

This table cicarly shows the advantages of the nonlinear polymers for

picosecond pulse duratinns.

E. Electroabsorption

Anather switching mechanism is the use of electroabsorption to produce a
nonlinear absorption change in GaAs multilayer heterostructures.®  As with the
photorefractive effect, the effect used is hybrid; photocarriers resulting from
optical absorption change the eclectric field inside the material and stark shift
the exciton line. The PIN device is typically biased through a series resistor.
Photocurrent resulting from optical absorption gives a voltage drop across the
resistor, and changing the optical absorption. The results demonstrate that
switching can be achieved with only 4 f1jum2 of optical energy, and an
additional 16 fIjum? of electrical energy from the bias circuit.® It is likely
that a bit size of a few square micrometers is achievable. These devices will
allow for parallel arrays but are RC time constant limited in response ume.

The device is also very wavelength seasitive.

VIl. FUNDAMENTAL LIMITS ON OPTICAL SWITCHING AND SIGNAL
PROCESSING

For swilching processes, in general, one «can calculate the fundamenial
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switching energies that are needed for swilching and the limitations on these

energies.

A. Quantum Limits

Quantum mechanics dictates that the energy—-time uncertainty relation be

observed for any switching operation. Thus,

AEgq > WT
where AEs_q= quantum limited switching energy
f = Planck’s constant2r = 1.05 x 10734 J—s
T = switching time

The switching power per bit is limited by Pgo = AEgq/t = w2 Here the
maximum switching rate is approximately 1/t, and we are neglecting factors of

the order of -unity that depend on the specific pulse shape.

For a switching time of 1071% the switching energy must exceed 1x10~22 .
If the switching rate is limited by 1/tr, the switching power is greater than
1x10710 W for ¢ = 10-1%,

B. ermal_Limits

Since any irreversible switch must operate at finite temperatures, then the

switching energy must be greater than the characteristic thermal energy. Thus

AEg; > kT
= 41 x 10721 J (a1 300 K)

where k is Boltzmann’s constant. The corresponding switching power per bit

is limited by

PSJ - AES'(/‘E.
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Al t = 10712 5 (he switching power per bit must exceed 4 x 10°% W at a

temperature of 300 K.

Because the quaatum limit is inversely proportional to the square of the pulse
duration, yet the thermal limit for the switching power is inversely
proportional to the pulse duration, at very small pulse durations the quantum

limit exceeds the thermal limit. The crossover point is at

t = KT
- 25x 107145,

At pulse durations less than this value, the quantum effects will exceed the

thermal effects.

Therefore, at any pulse duration greater than 2.5x10" 14 sec one can
theoretically decrease the minimum switching ecnergy per pulse by reducing the

temperature of the switching device until one reaches the quantum limit.
C. ot Noise Limits
Shot noise may present a significant problem for reliable switching. The

photon shot noise ANphoion = Nphotonm'- If we assume that we need 1000

photons for reliable switching, our lower limit on energy becomes

AESJ = lm hV
where h = Planck’s constant
v = optical frequency

The corresponding power is Pgg = AEg/t
at t = 10712 sec and hv = 15 eV

AEgg = 2.4 x 10716
Pgs =24 x 107% W,
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The shot noise limit has the same pulse duration dependence as the thermal
limit and provides a larger lower bound than the thermal limit. Evea with a
smailer number of photons per pulse (i.e, <1000) the shot noise limit will
likely exceed the thermal limit. The number of photons per pulse will be

determined by the allowed error rate for the switching process.

D. Heat Transfer Limits

Yet another thermal factor for optical switching is given by heat transfer
cffects and the maximum allowable temperature rise in the switching element.
This effect limits the number of switches dissipating power per unit area. For

optical switching the maximum dissipation energy per switch is limited by

AEsn, < Ip
—_—
AT
Here I;n = thermal transfer limited power/area
A = optical wavelength
T = pulse duration

Im is known to be limited to approximately 1000 Wicm2 with the use of
microchannel cooling technology and known materials for both substrates and

convective t’luids.9

If optical switching is used, Iy may be significantly less
than 1000 W/em? because microchannel convective cooling may not be
compatible with the optical clements and this value of power/arca assumes a
maximum temperature use of approximately SC°C. For these reasons the use of
a value of 1000 Wim? is likely an overestimate of the corresponding AEg y
value. This is particularly true for any device that exploits a resonant
nonlinearity. One should also note that microchannel cooling technology is
likely better suited to reflection mode devices rather than transmission mode

optical switches.

The switching limit AEg ., places an upper bound on the dissipated switch
energy rather than a lower bound such as AEs‘q and AEg;. However, in a

device it is possible to have a larger AEg if the device is not operated at
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the maximum repetition rate, Uz, or if the area per switch is greater than A2,

VIIL RW G 0 R
POLYMERS

One potential way of utilizing the large nonresonant nonlinearity of nonlinear

polymers is with optical four wave mixing.

With four wave mixing, the signal is generated by a nonlinear optical

interaction in the nonlinear optical interaction in the nonlinear material. Here
Es = XD E Ey Ep

Here Eg is the output signal wave amplitude
Ej is the amplitude of input 1
E9 is the amplitude of input 2

and Ep is the probe wave amplitude.

An cxample of a logic AND gate is schematically illustrated in Figure 4.
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Figure 4. Four Wave Mixing AND Gate

In order to generate other logic operations from four—wave mixing one also
needs a NOT operator. One way of creating this operation is to wuse an
interferometer. Here one can use a reference wave with amplitude E; such
that the output amplitude Egyy is Egyy = Ejp - E;. When E; = 1 then Egyy =
1if Ejq = 0and Egy = 0if Ejfy = 1L

Other logic operato:s may be conastructed by combinations of NOT and AND

operators €.g.,

a XOR b = (;and.;) and (a and b).
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Because nonlinear polymers have a very large x(3) - 10-10 es.u., they are
among the best known materials for high speed four wave mixing. Multiple
quantum well materials and other materials with resonant nonlinearities have
even larger X(3), but are very sensitive to temperature and wavelength, have
_slower response time, and may exhibit very strong absorption and sample

heating.
IX. CONCLUSIONS

A review of several types of materials for optical signal processings shows the
potential of nonlinear polymers for very high speed devices. With parallel
processors based on optical switching devices, bit rates of >1016 bitsjsec seem
feasible [105 channels, 10!! Nz, Tt T 10-12 sec]. If reactive nonlincarities are
used, absorption ecffects are minimized. Other materials show large effective
nonlinearities due to a resonant Kerr effect, photorefractive effects or
electroabsorption effects. Devices based on these materials will not have the
fast response time of nonlinear polymers and may be very wavelength or
temperature sensitive. Temperature insensitivity is likely to be a very
important device feature for small ultrahigh—speed parallel processors. An
example of optical logic AND gate based on four wave mixing demonstrates

how nonlincar polymers can be used in low—loss switching devices.
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